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A B S T R A C T  

A perturbation guidance scheme i s  developed t o  keep a 
t i l t - r o t o r  VTOL a i r c r a f t  c lose  t o  a predetermined nominal 
f l i g h t  p a t h  during take-off a n d  landing. 

A simulation o f  the guidance scheme applied t o  the 
Bel l  Model 266 t i l t - r o t o r  VTOL gave sa t i s fac tory  behavior 
i n  the presence of i n i t i a l  errors a n d  wind disturbances.  
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C H A P T E R  I 
In t roduc t ion  

V e r t i c a l  t a k e - o f f  a n d  l a n d i n g  ( V T O L )  a i r c r a f t  o f f e r  a 
p o t e n t i  a1 l y  usefu l  means o f  sho r t -hau l  t r a n s p o r t a t i o n .  
S ince  they  d o  n o t  r e q u i r e  l o n g  runways f o r  t ake -o f f  a n d  
l a n d i n g ,  i t  i s  p o s s i b l e  t o  provide convenient  a i r  s e r v i c e  
using o n l y  small l a n d  a r e a s  f o r  t e r m i n a l s .  

Seve ra l  d i f f e r e n t  kinds o f  V T O L  a i r c r a f t  have been b u i l t  

a n d  f l o w n  i n  t h e  p a s t  decade. The t i l t i n g  p r o p r o t o r  V T O L  
a i r c r a f t  promises t o  be among t h e  most e f f i c i e n t  a n d  l e a s t  
no i sy  d u r i n g  t r a n s i t i o n  and hover .  However, i t  h a s  o n l y  
a moderate c r u i s e  speed.  

For  economic v i a b i l i t y ,  VTOL a i r c r a f t  must be capable  
of o p e r a t i n g  ( a )  a t  n i g h t ,  ( b )  i n  f o g ,  haze and cloudy 
weather ,  ( c )  near  t a l l  b u i l d i n g s ,  a n d  ( d )  i n  a crowded a i r  
t r a f f i c  environment.  Because o f  t h e  l o w  d e p a r t u r e  a n d  a p -  
proach speeds o f  t h e s e  a i r c r a f t  t h e r e  may be many a i r c r a f t  
i n  t h e  v i c i n i t y  o f  t h e  a i r p o r t  d u r i n g  peak t r a v e l  p e r i o d s .  
The re fo re ,  i t  i s  i m p o r t a n t  t o  dev i se  a g o o d  guidance scheme 
f o r  t h e s e  a i r c r a f t  i n  t h e  t e r m i n a l  a r e a .  

The p r e s e n t  r e p o r t  d e s c r i b e s  a guidance scheme f o r  a 
t i l t - r o t o r  a i r c r a f t  d u r i n g  t ake -o f f  a n d  l a n d i n g .  The scheme 
has been s i m p l i f i e d  a s  much a s  p o s s i b l e  t o  permit  i t s  
implementat ion w i t h  a n  o n b o a r d  computer. The Bell  Model 266 
i s  taken a s  the  example a i r c r a f t .  

Chapter I 1  develops a mathematical  model f o r  t h e  
l o n g i t u d i n a l  m o t i o n  o f  a t i l t i n g  p r o p r o t o r  YTOL a i r c r a f t .  

Chapter 111 d e s c r i b e s  the  t echn ique  used f o r  f i n d i n g  
guidance l a w s  d u r i n g  t ake-of f  and l and ing .  

1 



B. C R U I S E  MODE 

Figure 1.1 The Model 266 Tilt-Rotor VTOL Transport 
Designed by Bell Aircraft 

2 



G u i d a n c e  l a w s  a r e  g i v e n  f o r  t a k e - o f f  i n  C h a p t e r  IV a n d  
f o r  l a n d i n g  i n  C h a p t e r  V .  
t h e  p r e s e n c e  o f  i n i t i a l  a n d  w i n d  d i s t u r b a n c e s  i s  s t u d i e d  i n  
b o t h  c h a p t e r s .  

The g u i d e d  a i r c r a f t  b e h a v i o r  i n  

C h a p t e r  VI d e v e l o p s  a m a t h e m a t i c a l  mode l  f o r  t h e  a i r -  
c r a f t  l a t e r a l  m o t i o n s .  A g u i d a n c e  law i s  d e v e l o p e d  a n d  
g u i d e d  a i r c r a f t  b e h a v i o r  i s  s t u d i e d  i n  t h e  p r e s e n c e  o f  
1 a t e r a l  w i n d s .  

A p p e n d i x  A g i v e s  r e l e v a n t  d a t a  f o r  t h e  Bell  Model 266 .  

A p p e n d i x  B s u m m a r i z e s  the l o n g i t u d i n a l  e q u a t i o n s  o f  
m o t i o n  a n d  the w e i g h t i n g  ma t r i ces  used f o r  c o m p u t i n g  g u i d a n c e  
laws i n  Chapters  I V  a n d  V .  

3 



C H A P T E R  I 1  

L o n g i t u d i n a l  Equations o f  Motion f o r  
a T i  1 t - R o t o r  V T O L  A i r c r a f t  

2 . 1  I n t r o d u c t i o n  

a n d  o t h e r  f l i g h t  c o n d i t i o n s ,  i t  i s  necessa ry  t o  develop a 
mathematical  model, w h i c h  i s  a c c u r a t e  enough f o r  t h i s  p u r -  

pose.  Modeling aerodynamic f o r c e s  i s  complicated by ( a )  t h e  
i n t e r a c t i o n  between t h e  rotor downwash  and t h e  w i n g ,  a n d  
( b )  t h e  change i n  c o n f i g u r a t i o n  w i t h  r o t o r  t i l t .  

In o r d e r  t o  develop guidance laws f o r  t a k e - o f f ,  l a n d i n g  

The model developed here i s  f a i r l y  genera l  a n d  can be 
used f o r  most t i l t - r o t o r  VTOL a i r c r a f t .  The Bell  Model 266 
i s  taken a s  a n  example i n  o u r  d i s c u s s i o n .  The Model 266 i s  
a h i g h - w i n g ,  t w i n  eng ine ,  t i l t i n g  p r o p r o t o r  a i r c r a f t .  I t  
has a d i s c  l o a d i n g  of 58.6 Kg m - 2  a n d  a w i n g  l o a d i n g  o f  358 
Kg m - 2  a t  i t s  des ign  gross weight of  12,700 k i loarams.  

The two n a c e l l e s  a r e  loca t ed  a t  t h e  w i n g  t i p s  a n d  can 
be r o t a t e d  t h r o u g h  s l i g h t l y  more t h a n  90  deg rees .  Each 
n a c e l l e  accomodates a n  engine ,  t r a n s m i s s i o n  a n d  o t h e r  ac-  
c e s s o r i e s  necessary  t o  d r i v e  a p r o p r o t o r .  The p r o p r o t o r s  a r e  
s i m i l a r  t o  t he  r o t o r s  i n  a tandem rotor  h e l i c o p t e r .  Each 
rotor has c o l l e c t i v e  p i t c h  c o n t r o l  a n d  c y c l i c  p i t c h  c o n t r o l  
i n  t h e  l o n g i t u d i n a l  a n d  t h e  l a t e r a l  d i r e c t i o n s .  The two 
engines  a r e  connected t h r o u g h  a n  i n t e r m e d i a t e  t r ansmiss ion  
s o  t h a t  i n  c a se  of one engine f a i l u r e ,  t h e  t w o  r o t o r s  can 
be d r iven  a t  a reduced power. 

A compromise i s  made between low d i s c  l o a d i n g  f o r  e f -  
f i c i e n t  hover a n d  a h i g h  d i s c  l o a d i n g  ( i n  t h e  p r o p e l l e r  
mode) f o r  e f f i c i e n t  c r u i s e .  A h i g h  w i n g  l o a d i n g  i s  chosen 
t o  o b t a i n  g o o d  performance a t  c r u i s e  speed.  

4 



Some parameters  of t h e  Bell  Model 266 a r e  given in  
Appendix A .  

2 . 2  Aerodynamics of t he  R o t o r  

f o r c e s  a c t i n g  on t he  ro tor  a n d  t h e  r o t o r  downwash under 
d i f f e r e n t  f l i g h t  c o n d i t i o n s .  

W e  f i r s t  develop expres s ions  f o r  t h e  t h r u s t  a n d  i n - p l a n e  

2 . 2 . 1  Thrus t  

t h r u s t  under given f l i g h t  c o n d i t i o n s  depends o n  t h e  b lade  
des ign .  D i f f e r e n t  blade t w i s t s  a r e  r equ i r ed  f o r  e f f i c i e n t  
hover performance t h a n  f o r  e f f i c i e n t  c r u i s e  performance. 
I n  o u r  a n a l y s i s ,  we use a blade t w i s t  which i s  e f f i c i e n t  i n  
c r u i s e  for  two r easons :  ( a )  a t w i s t  d i s t r i b u t i o n  which i s  
e f f i c i e n t  f o r  c r u i s e  s u f f e r s  a s m a l l e r  p e n a l t y  i n  hover t h a n  
v i ce -ve r sa ,  a n d  ( b )  t he  a i r c r a f t  i s  i n  t h e  c r u i s e  mode much 
longe r  t h a n  i t  i s  i n  t h e  hover or t r a n s i t i o n  mode. 

T h e  s h a f t  horsepower r equ i r ed  t o  g e n e r a t e  a c e r t a i n  

T h e  t h r u s t  a v a i l a b l e  a n d  power r equ i r ed  a t  v a r i o u s  c o l -  
l e c t i v e  p i t c h  s e t t i n g s  a n d  f l i g h t  c o n d i t i o n s  a r e  ob ta ined  by 
using a mixture  o f  Blade Element Theory a n d  Momentum Theory 
As a f i r s t  approximation,  t he  ang le  between t h e  f r e e  s t ream 
v e l o c i t y  a n d  t he  normal t o  t he  t i p  p a t h  p lane  i s  assumed 
ze ro .  Later a n a l y s i s  shows t h a t  when t h e  f r e e  s t ream 
v e l o c i t y  i s  s u b s t a n t i a l  t h i s  in f low angle  i s  q u i t e  sma l l .  
A c o r r e c t i o n  can be app l i ed  fo r  f i n i t e  va lues  of t h i s  ang le .  
F ig .  2 . 1  shows a v e l o c i t y  diagram f o r  a s e c t i o n  of t h e  blade 
a t  rad ius  r .  
o f  t h e  b lades ,  t he  speed o f  t h i s  e lement  of t h e  b lade  i s  

k 'T' 
v e l o c i t y  a t  r a d i u s  r .  
e lement .  The rotor  downwash i s  supposed t o  be f r e e  o f  ro- 
t a t i o n .  

I f  R i s  t he  ro tor  r a d i u s  a n d  V T  t h e  t i p  speed 

Let V be the  f r e e  s t ream v e l o c i t y  a n d  v x  t h e  induced 
v x  i s  p a r a l l e l  t o  t h e  l i f t  on  t h i s  

Let y x  be the  t w i s t  a t  r a d i u s  r a n d  0,  t h e  c o l -  

5 



f 
dD 

dD 

ROTOR T I P  PATH 
PLANE 

A A  
/' r = r / R  

Figure 2 . 1  Veloc i ty  D i a g r a m  f o r  R o t o r  Blade 
Element a t  Radius r 

l e c t i v e  p i t c h .  
e lement  i s  given by 

Then t h e  angle  of a t t a c k ,  a x ,  o n  t h i s  b lade  

ax = 4 c + Y x - Y i - y ,  ( 2 . 2 . 1 )  

where Y i s  t he  inf low ang le  a n d  y i  i s  t h e  induced inf low 
ang le .  From Figure 2 . 1  i t  i s  c l e a r  t h a t  

y = a r c t a n  [&I = a r c t a n  (A) 
rV T 

(2.2.2) 
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X 
V 

y i  = arcsin ( 2 . 2 . 3 )  
c I J 

The resultant wind speed V R ,  at this blade element is 
given by 

2 A 2 2 2  V R  = (rv,) +v - v x  ( 2 . 2 . 4 )  

If c is the blade chord (assumed constant), the lift, 
dL on this element of the blade can be determined 

dL = pC (ax)Vi cdr 
L x  

( 2 . 2 . 5 )  

Similarly the drag, dD on this blade element is 

dD = 7 1 p CDx(ax) V i  cdr 

If n is the number of blades, the total lift and drag 
produced by the section of rotor disc between radius r and 
r+dr can be expressed as 

( 2 . 2 . 7 )  

7 



R e s o l v i n g  t h e s e  f o r c e s  p e r p e n d i c u l a r  and p a r a l l e l  t o  
t h e  r o t o r  d i s c  g i v e s  t h e  t h r u s t  component,  dT and  t h e  t o r q u e  
component,  dD,, r e s p e c t i v e l y :  

dT = dLD c o s  ( y t y i )  - dDD s i n  (y+y i )  ( 2 . 2 . 9 )  

dD,= dLD S i n  (y+yi)  + dDD C O S  ( y+y i )  ( 2 . 2 . 1 0 )  

L e t  B be  t h e  t i p  l o s s  f a c t o r .  Then t h e  t o t a l  t h r u s t  
on N r o t o r s  i s  g i v e n  b y  

( 2 . 1 . 1 1 )  

Gessow and  Myers  (GE-1) g i v e  a c o n v e n i e n t  e x p r e s s i o n  f o r  
t h e  t i p  l o s s  f a c t o r  i n  te rms  o f  t h r u s t  c o e f f i c i e n t ,  C T  

8 



and number o f  b lades  n 

4 T  - 
n B = l  - ( 2 . 2 . 1 2 )  

The to rque  produced by t h i s  s e c t i o n  o f  t h e  d i s c  can be 
computed 

d-r = rdDT 

The t o t a l  t o rque  on one r o t o r  i s  

'I =ARrdD 'I ( 2 . 2 . 1 3 )  

Hence t h e  power, Q ,  r e q u i r e d  t o  d r i v e  t h e  N r o t o r s  a t  
t h i s  c o l l e c t i v e  p i t c h  s e t t i n g  becomes 

where .Q i s  t h e  r o t a t i o n a l  speed.  Also,  

9 

( 2 . 2 . 1 4 )  



(2 .2 .15)  

L e t  p, b e  t h e  a v e r a g e  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  
d i s c  a t  r a d i u s  r. Then, 

- 2  2 2 2)d; 
X c L  9 ncR ( r  VTtV - v  

- dL - x 
2 a r  d r  px - 'd(Area)- 

1 ncR - 2  2 2 2 
= 7 P CL -7 (r VTtV - v X )  

x 21rR r 
( 2 . 2 . 1 6 )  

We c a n  f i n d  v x  b y  e x p r e s s i n g  p, i n  a n o t h e r  way. By 
momentum t h e o r y  

= 0 f - V  2 2  1 s  (2 .2 .17 )  P X  

where  V f  i s  t h e  maximum a i r s p e e d  i n  t h e  r o t o r  downwash. 
t h e  maximum i n d u c e d  v e l o c i t y  i s  t w i c e  t h e  i n d u c e d  v e l o c i t y  
a t  t h e  d i s c  [GE-11, V f  c a n  be e x p r e s s e d  as  

S i n c e  

1 0  



-N -N -N 
V f  = v + 2 v x  

Using e q u a t i o n s  ( 2 . 2 . 1 6 )  t o  ( 2 . 2 . 1 8 ) ,  we h a v e  

( 2 . 2 . 1 8 )  

- 2  2 2 (rVT+V - v x )  

( 2 . 2 . 1 9 )  
n c R  7 = a ,  s o l i d i t y  r a t i o  
.rrR 

x - 2 2  2 
A 

X 8r 
[ r  VT+v ] = 0 

( 2 . 2 . 2 0 )  

Th i s  e q u a t i o n  can b e  s o l v e d  f o r  v x  a t  e a c h  r a d i u s .  
The  f o l l o w i n g  e x p r e s s i o n s  were u s e d  f o r  t h e  l i f t  c o e f f i -  

c i e n t  and  t h e  d r a g  c o e f f i c i e n t  o n  a n y  b l a d e  s e c t i o n .  

1 
C = 6.0 o x  l a x l  < I f  

L X  ( 2 . 2 . 2 1  ) 

I o x (  ’ n o t  a l l o w e d  
If ( s t a l l  c o n d i t i o n )  

2 = . 0 0 8  - . 0 0 8  C L  t , 0 2 0  C L  ‘D 
X X 

X 

2 . 2 . 2  C o m p u t a t i o n  o f  I n - P l a n e  F o r c e s  
I n  a l m o s t  a l l  f l i g h t  c o n d i t i o n s  c o n s i d e r e d  he re  t h e  

c o m p o n e n t  o f  i n - p l a n e  f o r c e  i n  t h e  f o r w a r d  d i r e c t i o n  i s  v e r y  

1 1  

~ ~~ - 

( 2 . 2 . 2 2 )  



s m a l l .  T h i s  f o r c e  has a s i g n i f i c a n t  e f f e c t  o n l y  d u r i n g  h i g h  
speed  f l i g h t  i n  t h e  h e l i c o p t e r  mode. Thus, f o r  p u r p o s e s  o f  
t h i s  a n a l y s i s ,  i t  w i l l  b e  s u f f i c i e n t  t o  d e t e r m i n e  t h i s  f o r c e  
a p p r o x i m a t e l y .  I t  i s  computed by  t a k i n g  an  a v e r a g e  d r a g  
c o e f f i c i e n t  C D ~  on  t h e  b l a d e .  The d r a g  on an e l e m e n t  o f  t h e  
b l a d e  be tween  r a d i u s  r and r t d r  s i t u a t e d  a t  a z i m u t h  a n g l e  J, 

f r om down w i n d  p o s i t i o n  i s  ( F i g u r e  ( 2 . 2 ) ) :  

dD = 7 1 p ( i  V T + V  s i n  J, cos  4)2 c d r  C 

DB 
(2.2.23) 

I t s  component  i n  t h e  downwind d i r e c t i o n  i s ,  

1 
dH = 7 p ( i  V T + V  s i n  J, cos  4)2 c d r  C s i n  J, ( 2 . 2 . 2 4 )  

DB 

A v e r a g e  t o t a l  d r a g  o n  a l l  b l a d e s  can  now be d e t e r m i n e d .  

t 

F i g u r e  2 .2  I n - P l a n e  F o r c e s  on  a B l a d e  E l e m e n t  

12 



H = kJ2'& R 1  n 2 p c d r  C s i n  JI 

DB 

*(F V T t V s i n  JI c o s  ( J ) ~  d+ 

.1 v,v c o s  6 
= i p n c R C  - 

DB 

Hence d r a g  f o r c e  o n  N r o t o r s  i s ,  

( 2 . 2 . 2 5 )  

( 2 . 2 . 2 6 )  

T h i s  i s  an  a p p r o x i m a t e  f o r m u l a  and c o r r e s p o n d s  t o  t h e  
f i r s t  t e r m  i n  e q u a t i o n  ( 4 . 3 8 )  o f  N i k o l s k y  ( N I - 1 )  

2.2.3 I n d u c e d  V e l o c i t y  

l e d g e  o f  r o t o r  downwash. The downwash v e l o c i t y  depends on 
t h e  r a d i a l  d i s t a n c e  f rom t h e  a x i s  o f  r o t a t i o n  a n d  d i s t a n c e  
p e r p e n d i c u l a r  t o  t h e  t i p  p a t h  p l a n e .  To s i m p l i f y  c a l c u l a t i o n  
o f  l i f t  and d r a g  o v e r  t h e  w i n g  i n  t h e  n e x t  s e c t i o n ,  t h e  
i n d u c e d  v e l o c i t y  o v e r  t h a t  p a r t  o f  t h e  w i n g  immersed  i n  
r o t o r  downwash i s  assumed t o  be c o n s t a n t  and e q u a l  t o  t h e  
maximum i n d u c e d  v e l o c i t y .  U s i n g  momentum t h e o r y  t h i s  
v e l o c i t y  i s  2v where  v i s  o b t a i n e d  b y  s o l v i n g  t h e  e q u a t i o n  

The c o m p u t a t i o n  o f  w i n g  d r a g  and  l i f t  r e q u i r e s  know- 

(GE-11, 

( 2 . 2 . 2 7 )  2 2  1 1 2  = T v [ v  t v  t 2 v v  cos  $1 
N 2rR2  p 

1 3  



2 . 2 . 4  T h r u s t  f o r  t h e  Example  A i r c r a f t  
A c o m p u t e r  p r o g r a m  was w r i t t e n  t o  d e t e r m i n e  t h e  m a x i -  

mum a v a i l a b l e  t h r u s t  a t  r a t e d  power.  F i g u r e  2 . 3  shows t h e  
v a r i a t i o n  of  t h r u s t  w i t h  i n f l o w  v e l o c i t y .  F o r  n o n z e r o  

Rotor 
Thrust 

[ K I  lo-Newtons] 

0 40 80 120 160 
Free St rem Air Speed [m sec”] 

F i g u r e  2 . 3  V a r i a t i o n  o f  R o t o r  T h r u s t  w i t h  
F r e e  Stream Air S-peed 
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v a l u e s  o f  i n f l o w  a n g l e ,  t h e  component  o f  v e l o c i t y  i n  t h e  
d i r e c t i o n  n o r m a l  t o  t h e  t i p  p a t h  p l a n e  i s  u s e d  t o  r e a d  t h r u s t  
f r o m  F i g u r e  2.3.  T h i s  g i v e s  c o n s e r v a t i v e  r e s u l t s .  

A t  l e a s t  one a u t h o r  (HA-1) h a s  s u g g e s t e d  u s i n g  t r a i l i n g  
edge f l a p s  o n  t h e  b l a d e s  t o  o b t a i n  a l m o s t  o p t i m a l  t w i s t  
d i s t r i b u t i o n  a l o n g  t h e  b l a d e  u n d e r  a l l  f l i g h t  c o n d i t i o n s .  
The maximum a v a i l a b l e  t h r u s t  f o r  a r o t o r  w i t h  b l a d e s  h a v i n g  
t r a i l i n g  edge f l a p s  i s  shown i n  F i g u r e  2.3 ( d o t t e d  l i n e ) .  
The maximum i n c r e a s e  i s  a b o u t  4.5% o v e r  a r o t o r  w i t h  f l a p -  
l e s s  b l a d e s .  N o t i c e  t h a t  b o t h  p e r f o r m  e q u a l l y  w e l l  a t  
c r u i s e .  The r o t o r  w i t h  b l a d e  f l a p s  p e r f o r m s  b e t t e r  d u r i n g  
h o v e r .  Such a m i n o r  i m p r o v e m e n t  i n  p e r f o r m a n c e  w i t h  f l a p s  
does n o t  seem t o  w a r r a n t  t h e  a d d i t i o n a l  m e c h a n i c a l  c o m p l i c a -  
t i o n .  

2 . 3  E q u a t i o n s  o f  M o t i o n  i n  F o r w a r d  and  V e r t i c a l  D i r e c t i o n s  

be  d i v i d e d  i n t o  two c l a s s e s :  ( a )  g r a v i t a t i o n a l  and ( b )  
a e r o d y n a m i c .  The a e r o d y n a m i c  f o r c e s  c a n  b e  s u b d i v i d e d  
i n t o  t w o  c l a s s e s :  (i) f o r c e s  w i t h  a l l  c o n t r o l  e l e m e n t s  i n  
e q u i l i b r i u m  p o s i t i o n  and (ii) a d d i t i o n a l  f o r c e s  g e n e r a t e d  
b y  d e f l e c t i n g  c o n t r o l  s u r f a c e s .  G r a v i t a t i o n a l  f o r c e s  a r e  
q u i t e  e a s y  t o  f i n d .  The a e r o d y n a m i c  f o r c e s  a r e  a p p r o x i -  
ma ted  b y  sums o f  f o r c e s  on  i n d i v i d u a l  components  o f  t h e  
a i  r c r a f  t . 

The f o r c e s  a c t i n g  o n  a t i l t  r o t o r  VTOL a i r c r a f t  c a n  

A s i m p l i f i e d  f o r c e  d i a g r a m  i s  shown i n  F i g u r e  2.4. L e t  
D be t h e  d r a g  and  L t h e  l i f t .  The t h r u s t  and  t h e  i n - p l a n e  
f o r c e  on  t h e  r o t o r  a r e  d e n o t e d  b y  T a n d  H r e s p e c t i v e l y .  The 
e q u a t i o n s  o f  m o t i o n  p a r a l l e l  a n d  p e r p e n d i c u l a r  t o  t h e  
v e l o c i t y  o f  t h e  v e h i c l e  mass c e n t e r  c a n  b e  w r i t t e n  as 

dV 
m n =  -D-mg s i n  y + T c o s  ( o t e - y ) - H  s i n  ( n t e - y )  

(2 .3 .1 )  
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F i g u r e  2 . 4  A i r c r a f t  R e f e r e n c e  A n g l e s  and  F o r c e s  

The d r a g  and l i f t  a r e  e x p r e s s e d  as sums o f  f o r c e s  on 
i n d i v i d u a l  components. 

D = DW + DT + DF + DNAC ( 2 . 3 . 3 )  

L = Lw + LT + LF + L NAC ( 2 . 3 . 4 )  

We c o n s i d e r  t h e s e  a i r c r a f t  components one by one.  

1 6  



2.3 .1  Wing 

have f l a p s  a n d  a i l e r o n - f l a p s .  These f l a p s  can be d e f l e c t e d  
t h r o u g h  60" or more d u r i n g  hover t o  reduce wing s u r f a c e  i n  
t h e  rotor downwash. The a i l e r o n s  can a l s o  be used as  f l a p s  
dur ing  hover a n d  p a r t  of t r a n s i t i o n .  

h a s  a s i g n i f i c a n t  e f f e c t  d u r i n g  hover a n d  t h e  e a r l y  p a r t  o f  
t r a n s i t i o n  where t h e  induced v e l o c i t y  i s  high.  I t  i s  assumed 
t h a t  the  p o r t i o n  of t h e  wing under t h e  rotor d i s c  i s  i n  t h e  
rotor  downwash a n d  f a c e s  a c o n s t a n t  induced v e l o c i t y .  This  
induced v e l o c i t y  over  t h e  immersed p a r t  of t h e  wing i s  
approximated by t he  f u l l y  developed downstream v e l o c i t y  i n  
t h e  s l i p s t r e a m .  Let E be t h e  f r a c t i o n  of t h e  w i n g  i n  rotor 
downwash. This p o r t i o n  i s  denoted by s u b s c r i p t  1 a n d  t h e  
o t h e r  p a r t  by s u b s c r i p t  2 .  

i n  t h e  f r e e  s t ream i s  given as  

T h e  wing of  a t i l t - r o t o r  V T O L  a i r p l a n e  w i l l  u s u a l l y  

A por t ion  of t h e  w i n g  i s  i n  t h e  ro tor  downwash. This  

T h e  ang le  of a t t a c k  a over  t h e  p o r t i o n  of t h e  wing 

a = 8 + a i - y  ( 2 . 3 . 5 )  

T h e  f l a p s  change t h e  e f f e c t i v e  ang le  of  a t t a c k .  Let 
t he  e f f e c t i v e  angle  of a t t a c k  be a ' .  

a' = a+ A a f ( 6 f )  

= a+ g f  s f  ( 2 . 3 . 6 )  

where s f  i s  t he  f l a p  d e f l e c t i o n .  The l i f t  c o e f f i c i e n t  
depends on a' a n d  t h e  d r a g  c o e f f i c i e n t  o n  a a n d  6 f .  

( 2 . 3 . 7 )  

.1 n 

12 .3 .8 )  
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Dp D' 
Horizonta l  

/ 

F i g u r e  2.5 V e l o c i t y  D iag ram o v e r  Immersed 
P a r t  o f  Wing 

The downwash changes t h e  m a g n i t u d e  and t h e  d i r e c t i o n  o f  
v e l o c i t y .  A s i m p l i f i e d  v e l o c i t y  d i a g r a m  o v e r  t h e  immersed 
p o r t i o n  o f  t h e  w i n g  i s  shown i n  F i g u r e  2.5. The r e s u l t a n t  
v e l o c i t y ,  V R ,  can  be computed. 

v i  = v 2 + 4v2  + 4vv c o s  4 (2 .3.9)  

The change i n  a n g l e  o f  a t t a c k ,  A a ,  i s  o b t a i n e d  u s i n g  
t h e  S i n e  Law o f  t r i a n g l e s .  

where,  
(2 .3 .10)  
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hence ,  
Aa = a r c s i n ( %  s i n  ($1) (2 .3 .11)  

The r e s u l t a n t  a n g l e  o f  a t t a c k  a R  i s  w r i t t e n  a s ,  

aR = a-Aa (2 .3 .12 )  

Now t h e  f o r c e s  on t h e  w i n g  a l o n g  t h e  d i r e c t i o n  o f  V R ,  
V R  

DW1, and p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  V R ,  L v R ,  a r e  
g i v e n  by w1 

I = 7 1 p cLw(a'-Aa) v R  2 s w  E 

(2 .3 .13 )  

(2 .3 .14 )  

These f o r c e s  m u s t  be  r e s o l v e d  a l o n g  t h e  d i r e c t i o n  o f  
t h e  f r e e  s t r e a m  v e l o c i t y  and  p e r p e n d i c u l a r  t o  t h i s  d i r e c t i o n  
t o  g i v e  DW and  L w  . 

1 1 

I I 

- C O S  (Aa) + Lw s i n  (Aa) 
ow1 - DW1 1 

+ C (a'-Aa) S i n  Aa] 
L W  

( 2 . 3 . 1 5 )  
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I 

S i n  (Aa)  + L; C O S  (Aa) 
1 

1 2 S E [ - C D  ( a R , 6 f )  s in(Aa)  
W = T p V R  W 

+ C  (a ' -Aa)  C O S  (Aa)]  
L W  

The t o t a l  d r a g  on the wing can be wr i t ten  a s ,  

- 
O w  - D W l + D W 2  

L w  = L w  +L 
1 w2 

(2 .3 .16 )  

( 2 . 3 . 1 7 )  

Determinat ion of Drag C o e f f i c i e n t  a n d  L i f t  C o e f f i c i e n t  
The f l i g h t  regime o f  a t i l t - r o t o r  V T O L  a i r c r a f t  en- 

compasses angJes  o f  a t t a c k  v a r y i n g  from -90 '  t o  90' o r  more. 
These h i g h  a n g l e s  o f  a t t a c k  occur a t  low speeds ,  d u r i n g  
t a k e - o f f  a n d  d u r i n g  l and ing .  Most of t h e  h i g h  speed f l i g h t  
t a k e s  p l a c e  a t  low a n g l e s  of a t t a c k  w i t h  most or a l l  o f  t h e  
weight  c a r r i e d  by t h e  w i n g .  A l a r g e  e r r o r  i n  d r a g  co- 
e f f i c i e n t  and l i f t  c o e f f i c i e n t  a t  t h e s e  h i g h  ang le s  o f  a t -  
t a c k  w i l l  produce only a small e r r o r  i n  t h e  f o r c e s  a c t i n g  
on t h e  a i r p l a n e  because o f  low v e l o c i t y .  The re fo re  i t  i s  
n o t  necessa ry  t o  have very accu ra t e  r e l a t i o n s  for  CD,,, and 

C L "  f o r  h i g h  p o s i t i v e  or negat ive  ang le s  o f  a t t a c k .  

I t  i s  e s s e n t i a l  t o  f i n d  t h e  p o s i t i v e  and t h e  n e g a t i v e  
a n g l e  of a t t a c k  a t  which w i n g  s t a l l  occur s .  We suppose 
t h a t  w i t h  no f l a p  d e f l e c t i o n  t h e  s t a l l  occurs  a t  a n g l e  o f  
a t t a c k  2 u s t a l l .  
t i v e  ang le  of  a t t a c k .  I t  a l so  i n c r e a s e s  t h e  e f f e c t i v e  

The f l a p  d e f l e c t i o n  i n c r e a s e s  t h e  e f f e c -  
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a n g l e  o f  a t t a c k  a t  w h i c h  s t a l l  o c c u r s .  I n  t e r m s  o f  a c t u a l  
a n g l e  o f  a t t a c k  t h e  s t a l l  s t a r t s  e a r l i e r  because  f l a p  de -  
f l e c t i o n  h e l p s  f l o w  s e p a r a t i o n  n e a r  t h e  t r a i l i n g  edge. The 
a c t u a l  p o s i t i v e  and n e g a t i v e  a n g l e s  o f  a t t a c k  a t  w h i c h  s t a l l  
o c c u r s  i s  a p p r o x i m a t e d  b y  u s i n g  F i g u r e  1 2  o f  r e f e r e n c e  
  BE-^) 

( 2 . 3 . 1 8 )  

( 2 . 3 . 1 9 )  

The e f f e c t i v e  a n g l e  o f  a t t a c k  u '  i s  g i v e n  by e q u a t i o n  
(2 .3 .12 ) .  I n  t e r m s  o f  t h i s  a n g l e  t h e  s t a l l  c o n d i t i o n  c a n  be  
w r i t t e n  a s  

(2 .3 .20 )  

(2 .3 .21  ) 

D u r i n g  t h e  u n s t a l l e d  p a r t  o f  t h e  f l i g h t  a l i n e a r  r e -  
l a t i o n  is assumed be tween  t h e  l i f t  c o e f f i c i e n t  a n d  t h e  e f f e c -  
t i v e  a n g l e  o f  a t t a c k ,  i . e . ,  

C L ( a ' )  = aa '  I +  

(2 .3 .22 )  u t -  < a '  < S S 

t As t h e  a n g l e  o f  a t t a c k  i n c r e a s e  above  u s  t h e  l i f t  
c o e f f i c i e n t  d e c r e a s e s .  A t  a c e r t a i n  h i g h  a n g l e  o f  a t t a c k  
t h e  l i f t  c o e f f i c i e n t  becomes z e r o .  T h i s  a n g l e  i s  a p p r o x i -  
m a t e l y  90" w i t h  no f l a p  d e f l e c t i o n  b u t  d e c r e a s e s  w i t h  p o s i -  
t i v e  f l a p  d e f l e c t i o n .  I t  i s  r e a s o n a b l e  t o  assume t h a t  t h e  
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l i f t  c o e f f i c i e n t  i s  z e r o  when t h e  n e t  p r o j e c t e d  a r e a  i n  
t h e  l a t e r a l  d i r e c t i o n  i s  z e r o  ( F i g u r e  2.6). 

VELOCITY DIRECTION 
FOR ZERO LIFT 

F i g u r e  2.6 Z e r o  L i f t  A n g l e  o f  A t t a c k  

Thus ,  

C f  s i n  6 f  
C L ( a ' )  = O t a n  ($ -a) = c w - c f ~ l - c o s  6 f )  

a n d  a s i m i l a r  e x p r e s s i o n  for n e g a t i v e  a n g l e s  o f  a t t a c k  

C f  s i n  s f  
C L ( a ' )  = O t a n ( +  - a )  = - w - c f  ( - c o s  6 f )  

These e q u a t i o n s  a r e  a p p r o x i m a t e d  f o r  a 1  7 ,  71 

C L ( a ' )  = O a = +  
W 
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A l i n e a r  r e l a t i o n  i s  assumed between l i f t  c o e f f i c i e n t  
and angle of a t t a c k  f o r  a between s t a l l  a n g l e  and a n g l e  a t  
which the  l i f t  c o e f f i c i e n t  i s  zero .  T h e r e f o r e ,  

CL(a') = a a '  + 
a ' -  < a' a '  s -  S 

( 2 . 3 . 2 4 )  

A p l o t  o f  l i f t  c o e f f i c i e n t  w i t h  ang le  of a t t a c k  f o r  
n o  f l a p  d e f l e c t i o n  a n d  f o r  one r a d i a n  f l a p  d e f l e c t i o n  i s  
shown in F igure  2 . 7 .  

In t h e  u n s t a l l e d  regime t h e  drag c o e f f i c i e n t  i s  given 
by 

CDW(a',6f) = C D  ( 6 f )  + c c: 
W O  DW1 

= c (sf) + c a I 2 a 2  (2 .3 .25 )  
D W O  DW1 

The f i r s t  term i s  t h e  p a r a s i t e  drag which depends u p o n  
t h e  f l a p  d e f l e c t i o n  a n d  t h e  second term i s  t h e  induced drag .  
A good approximation t o  t h e  f i r s t  term i s  ( P E - 1 )  
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1 
Angle o f  Attack, a 

Eradl 

-1 .o 

Figure 2.7 L i f t  Coefficient vs. Angle o f  
Attack on Wing 
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I n  t h e  s t a l l e d  r e g i m e  t h e  l i f t  r e d u c e s ;  however  t h e  
d r a g  keeps i n c r e a s i n g .  The f o l l o w i n g  e x p r e s s i o n s  a r e  u s e d  
f o r  d r a g  c o e f f i c i e n t s  f o r  t h e  s t a l l e d  p o r t i o n  o f  t h e  f l i g h t .  

The e x p r e s s i o n  f o r  C D ( u 1 , 6 f )  can  b e  summed up as 

I -  

S a' e a 

2 2 12 = B 1 + B 2 6 f  + C  a a 
DW1 

I 
I +  

(2.3.26 ) 

a' > as 

I n  F i g u r e  2 .8  d r a g  c o e f f i c i e n t  i s  shown as  a f u n c t i o n  
O f  a n g l e  o f  a t t a c k ,  a ,  f o r  z e r o  a n d  maximum f l a p  d e f l e c t i o n s .  
L i f t  c o e f f i c i e n t  i s  shown as a f u n c t i o n  o f  d r a g  c o e f f i c i e n t  
i n  F i g u r e  2.9. 
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Figure 2.8 ED vs. a on Wing 

cD 

.1 .o 

cD 

.1 .o 

L i f t  Coeff ic ient ,  CL 

Figure 2.9 L i f t  Coefficient vs. Drag Coeff ic ient  
on Wing 
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2.3.2 T a i l  

t h e  r o t o r  downwash does  n o t  have a s i g n i f i c a n t  e f f e c t  o n  
f l o w  o v e r  t h e  t a i l .  I n  h o v e r  o r  when t h e  f o r w a r d  speed  i s  
l o w ,  t h e  i n d u c e d  v e l o c i t y  i s  h i g h .  Under  s u c h  c o n d i t i o n s  
t h e  downwash i s  p o i n t i n g  a l m o s t  v e r t i c a l l y  downward and does  
n o t  pass  o v e r  t h e  t a i l .  When t h e  f o r w a r d  s p e e d  i s  h i g h  a n d  
t h e  t r a n s i t i o n  i s  o v e r  t h e  i n d u c e d  v e l o c i t y  i s  so  l o w  t h a t  
i t  does  n o t  p r o d u c e  a n y  s i g n i f i c a n t  e f f e c t  on  t h e  t a i l .  

D u r i n g  m o s t  o f  t h e  f l i g h t  r e g i m e  u n d e r  c o n s i d e r a t i o n  

We u s e  d r a g  and l i f t  v a l u e s  on  t h e  t a i l  f o r  z e r o  e l e -  
v a t o r  d e f l e c t i o n .  The d i r e c t  e f f e c t  o f  e l e v a t o r  d e f l e c t i o n  
o n  v e h i c l e  l i f t  and d r a g  i s  n e g l e c t e d .  The i n d i r e c t  e f -  
f e c t  t h r o u g h  change i n  a n g l e  o f  a t t a c k  on  t h e  w i n g  i s  i m -  

p o r t a n t .  

The a n g l e  o f  a t t a c k  o n  t h e  t a i l  i s  

aT = 8-y+  aiT (2.3.26) 

where  aiT i s  t h e  a n g l e  o f  i n c i d e n c e  o f  t h e  t a i l .  
and  d r a g  c o e f f i c i e n t  on t h e  t a i l  a r e  assumed t o  have  e x -  
p r e s s i o n s  s i m i l a r  t o  w i n g ,  i . e . ,  

The l i f t  

sT a T  > a 

'T < -'sT 

(2.3.27) 
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sT a 

sT a2a2 + B ( - a s T  - a  ) aT < - a  
' 

T ST 3T = C D  t c  
TO 

(2 .3 .28 )  

The d r a g  and t h e  l i f t  on t h e  t a i l  a r e  g i v e n  b y  

1 2 L T = T ~  V S C 
LT 

(2 .3 .29 )  

(2 .3 .30 )  

2.3.3 F u s e l a g e  

o f  t h e  f u s e l a g e  i n  a d d i t i o n  t o  t h e  f u s e l a g e  a n g l e  o f  a t t a c k .  
The f u s e l a g e  i s  a p p r o x i m a t e d  b y  a l o n g  c y l i n d e r .  The d r a g  
c o e f f i c i e n t  and l i f t  c o e f f i c i e n t  can  be  w r i t t e n  as (HO-1) 

The l i f t  and d r a g  on  t h e  f u s e l a g e  depends on t h e  shape 

= C s i n  3 I Q F I + C D  
cDF DF1 F O  

2 s i n  aF cos  aF s g n  (aF) 
F1 

c ~ F  = 'L 

(2 .3 .31 )  

(2 .3 .32 )  

The l i f t  c o e f f i c i e n t  and d r a g  c o e f f i c i e n t  a r e  shown i n  
F i g u r e  2.10 a s  a f u n c t i o n  o f  t h e  f u s e l a g e  a n g l e  o f  a t t a c k ,  
aF, g i v e n  by  

aF = 8 - y  ( 2 . 3 . 3 3 )  
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- 
-2.0 

le o f  Attack, aF 

Figure  2.10 L i f t  a n d  Drag C o e f f i c i e n t s  
o n  t h e  Fuse lage  

If  S F  i s  t h e  f u s e l a g e  p l a t fo rm a r e a ,  the  l i f t  and t h e  
d r a g  can be w r i t t e n  a s ,  

( 2 . 3 . 3 4 )  

(2 .3 .35 )  

2 .3 .4  Nace l les  
The n a c e l l e s  a r e  comple te ly  immersed i n  rotor  downwash  

under a l l  f l i g h t  c o n d i t i o n s .  They a r e  a l s o  approximated by 
long c y l i n d e r s .  The l i f t  a n d  drag c o e f f i c i e n t s  of e q u a t i o n s  
(2 .3 .31)  and (2 .3 .32)  can then be used.  
platform a r e a  of t h e  two  n a c e l l e s ,  t h e  d r a g  and l i f t  a r e  

I f  S N A C  i s  t h e  

2 9  



given by 

v 2  s ( " N A C )  'NAC 7 P R N A C ' D ~ ~ ~  
- - 

L~~~ 7 ' v 2 s  R N A C  c LNAC ( " N A C )  
- - 

( 2 . 3 . 3 6 )  

( 2 . 3 . 3 7 )  

where V R  i s  given by equation ( 2 . 3 . 4 )  a n d  u N A C  i s  the 
n a c e l l e  angle o f  a t t a c k .  

" N A C  = n+aF-Aca ( 2 . 3 . 3 8 )  
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C H A P T E R  I 1 1  
T i l t - R o t o r  V T O L  A i r c r a f t  Guidance 

3.1 I n t r o d u c t i o n  

t e r m i n a l  o p e r a t i o n s  o f  a V T O L  a i r c r a f t  was d i s c u s s e d  i n  
Chap te r  1.  The scheme should  be as s i m p l e  as p o s s i b l e  so 
t h a t  a sma l l  a i r b o r n e  compute r  c a n  h a n d l e  i t .  We have 
a d o p t e d  the  p e r t u r b a t i o n  gu idance  scheme because  of t h e  
s i m p l e  l i n e a r  f e e d b a c k  law t h a t  i t  g i v e s .  Th i s  method 
consis ts  of l i n e a r i z i n g  the n o n l i n e a r  s t a t e  e q u a t i o n s  a b o u t  
a nominal p a t h .  The feedback  c o n t r o l  g a i n s  a r e  o b t a i n e d  
by u s i n g  t h i s  l i n e a r i z e d  system of e q u a t i o n s  a n d  s u i t a b l y  
chosen w e i g h t i n g  m a t r i c e s  i n  t h e  q u a d r a t i c  s y n t h e s i s  t e c h -  
n i q u e .  

The r e q u i r e m e n t  f o r  a good  g u i d a n c e  scheme f o r  n e a r  

The e q u a t i o n s  o f  motion i n  t h e  v e r t i c a l  p l a n e  a r e  
d e r i v e d  i n  Chap te r  11. They a r e ,  

d h  at = V s i n  y 

d x  = v cos  y aT 

( 3 . 1 . 1 )  

( 3 . 1 . 2 )  

( 3 . 1 . 3 )  

( 3 . 1 . 4 )  
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T h e  symbols have t h e  same meaning as in  Chap te r  I I .  

U n d e r  a l m o s t  a l l  f l y i n g  c o n d i t i o n s  i t  i s  p o s s i b l e  t o  
g e n e r a t e  l a r g e  c o n t r o l  moments. I n  t h e  h e l i c o p t e r  mode 
p i t c h i n g  moment i s  produced by dual  l o n g i t u d i n a l  c y c l i c  
p i t c h  change ,  yawing moment by d i f f e r e n t i a l  s h a f t  t i l t  o f  
t h e  two  r o t o r s  (or  by d i f f e r e n t i a l  l o n g i t u d i n a l  c y c l i c  p i t c h  
c h a n g e ) ,  a n d  r o l l i n g  moment by d i f f e r e n t i a l  c o l l e c t i v e  
p i t c h  change.  I n  t h e  c r u i s e  mode c o n t r o l  moments can 
be produced u s i n g  t h e  r e g u l a r  aerodynamic s u r f a c e s  o r  c y c l i c  
a n d  c o l l e c t i v e  p i t c h  changes .  Because o f  l a r g e  a v a i ' l a b l e  
p i t c h  moment g e n e r a t i n g  c a p a b i l i t y  i t  i s  p o s s i b l e  t o  p u t  
a t i g h t  c o n t r o l  on  t h e  p i t c h  a n g l e .  under  t h e s e  c o n d i t i o n s ,  
t h e  p i t c h i n g  mot ions  o c c u r  i n  a f r e q u e n c y  r ange  v e r y  much 
h i g h e r  t h a n  t h e  f r e q u e n c y  r ange  of t h e  t r a n s l a t i o n a l  mo t ions  
governed by e q u a t i o n s  ( 3 . 1 . 1 - 4 ) .  T h e r e f o r e  t h e  t r a n s l a -  
t i o n a l  motion e q u a t i o n s  can be decoupled  from t h e  a n g u l a r  
motion e q u a t i o n s  a n d  e can be t a k e n  a s  a c o n t r o l  v a r i a b l e  
f o r  t h e  t r a n s l a t i o n a l  mot ion .  In t h i s  s y s t e m ,  V ,  y ,  x 
a n d  h a r e  s t a t e  v a r i a b l e s  a n d  e ,  TI, T a n d  6 f  a r e  c o n t r o l  
v a r i a b l e s .  S i n c e  none o f  t h e  e q u a t i o n s  depend e x p l i c i t l y  o n  
t ,  we can use x a s  t h e  i n d e p e n d e n t  v a r i a b l e .  The e q u a t i o n s  
o f  motion then  become, 

* 

dV - F1 = f l  ax - v c o s  y 

F 2  = f p  % =  v 2 c o s  y 

dh = t a n  y ax 

( 3 . 1 . 5 )  

( 3 . 1 . 6 )  

( 3 . 1 . 7 )  

" L a t e r w e  s h a l l  u se  h a s  t h e  i n d e p e n d e n t  v a r i a b l e  d u r i n g  t h e  
v e r t i c a l  a n d  n e a r - v e r t i c a l  p a r t .  of  t h e  t a k e - o f f .  
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I f  t ime, t i s  required i t  can be o b t a i n e d  by s o l v i n g  

d t  - 1 
dx - v cos  y ( 3 . 1 . 8 )  

3.2 L i n e a r i z i n g  o f  the  Equa t ions  o f  M o t i o n  
The g u i d a n c e  scheme must work i n  the  p r e s e n c e  o f  s t e a d y  

or f l u c t u a t i n g  w i n d s .  T h e r e f o r e ,  i t  i s  n e c e s s a r y  t o  d i s t i n -  
g u i s h  between a i r  speed a n d  g r o u n d  speed  ( s e e  F i g u r e  3 . 1 ) . *  
The a i r  v a l u e s  a r e  r e p r e s e n t e d  by s u b s c r i p t  ' ' a "  and g r o u n d  
v a l u e s  by s u b s c r i p t  ''gll. Nominal v a l u e s  a r e  r e p r e s e n t e d  by 
a b a r .  In  the p r e s e n c e  o f  wind t h e  l i f t  and t h e  d r a g  do n o t  
a c t  p e r p e n d i c u l a r  a n d  p a r a l l e l  t o  t he  ground v e l o c i t y .  The 
e q u a t i o n s  of mot ion  must be mod i f i ed  t o  

w HORIZONTAL WIND 

HORIZONTAL DIRECTION 

F i g u r e  3.1 G r o u n d  and Air Speed i n  t he  
P resence  of Wind 

*Near the g r o u n d  v e r t i c a l  w i n d s  a r e  n e g l i g i b l e  compared t o  
h o r i z o n t a l  w i n d s  
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(3.2.1) 

d h  (3.2.3) E = tan y 9 

where 
2 2  
9 9 9 V I  = v +w t2v w cos y 

V 
9 

sin y a  = 2 sin y 
"a 

If equations governing nominal values of ground speed, 
flight path angle a n d  vertical distance (where wind is zero) 
are subtracted from the above equations, w e  have 
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( 3 . 2 . 4 )  

The f i r s t  t e r m  r e p r e s e n t s  t h e  e f f e c t  o f  w i n d  a n d  t h e  
s e c o n d  t e r m  t h e  d e v i a t i o n  o f  t h e  s t a t e  a n d  c o n t r o l  v a r i a b l e s  
f r o m  n o m i n a l  v a l u e s .  Now 

&- F1 ij 4 - f l g - f l t j  g ii cos e 
9 9 

(3 .2 .5 )  

f o r  s m a l l  changes .  

The f i r s t  t e r m  i n  ( 3 . 2 . 4 )  c a n  b e  s i m p l i f i e d  a s ,  

9 
v c o s  y 

9 

( 3 . 2 . 6 )  



w h e r e  w i s  t h e  w i n d  v e l o c i t y .  S i n c e  

9 
= f v c o s  y 

l g  9 

aF a f  
,* = 8$9 v g c o s  y 9 +- f l g C O S  y 9 ( 3 . 2 . 7 )  
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t a n  y t-- :'a)::} w ( 3 . 2 . 1 1 )  
2 9  g g  

a V  v - v  
_a_=-, 
a w  W 

( 3 . 2 . 1 2 ,  

- - 
W w+o 

A l l  t h e  c o e f f i c i e n t s  r e f e r  t o  n o m i n a l  p a t h .  

- a Ya 
a w  

I t  i s  n e c e s s a r y  t o  e v a l u a t e  a V  / a x  a n d  a y a / a x  a s  a 

( s e e  F i g u r e  3 . 1 ) .  
a 

y g  
f u n c t i o n  o f  V a n d  

9 

- - L i m  
w+o 

V 

a l  s o ,  
= 1 w c o s  y = c o s  y ( 3 . 2 . 1 4 )  

v g  9 9 

V s i n  y 

v c o s  y t w  
9 9 

- 1  g Y, = t a n  ( 3 . 2 . 1 5 )  

( v g c o s  y 9 t w ) Z  
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--7 9 (3.2.16) 

T h e  s u b s c r i p t  g i s  removed now w i t h  t he  understanding 
t h a t  a l l  values  r e f e r  t o  n o m i n a l  g r o u n d  va lues .  Arranging i t  
i n  t he  s t a t e  space form, 

(3.2.17) dZ a;r = F ( x ) Z  + G ( x ) U  + r ( x ) w  

f l  2 

z =  f 2 2  

where, 

2 sec  y 0 s e c  y :j 0 



+f /v)cos y-  y ( f 1 2 - f l t a n  Y - f 2 v  

+ 2 f 2 / ~ ) c o s  y -  w(f22-f2tan y +  - V 

( 9 1  1 

( f 2 l  

0 

(3 .2 .18 )  

r(x)= 

There a r e  fou r  con t ro l  v a r i a b l e s :  Incremental  p i t ch  
a n g l e ,  6 8  (changed by e l eva to r  d e f l e c t i o n  or rotor c y c l i c  
p i t c h  c o n t r o l ) ,  incremental  ro to r  s h a f t  t i l t ,  60, i n c r e -  
mental t h r u s t ,  6T ( v a r i e d  using c o l l e c t i v e  p i t c h  c o n t r o l ) ,  
a n d  incremental  f l a p  d e f l e c t i o n ,  s ( 6 f ) .  

3 . 3  Quadrat ic  Synthes is  

q u a d r a t i c  s y n t h e s i s  m e t h o d  t o  minimize 
For  t he  system given by equat ion  (3 .2 .17 )  we use t h e  
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+ T  f X f  ( Z T ( x )  A ( x ) Z (  x ) + U T (  x ) B (  x ) U  ( x )  ) d x  
Jxo  

( 3 . 3 . 1 )  

where A and B may be c o n s t a n t  or f u n c t i o n s  o f  t h e  i n d e p e n d e n t  
v a r i a b l e .  
by Bryson a n d  Ho ( B R - 1 ) .  T h i s  c h o i c e  u s e s  a c o n s t a n t  A 
and B a n d  i s  good a s  a s t a r t i n g  v a l u e  i n  most c a s e s .  However, 
i n  t h i s  sys tem t h i s  may n o t  be t r u e  because  o f  t h e  change 
i n  c o n f i g u r a t i o n  f rom h e l i c o p t e r  t o  c r u i s e  mode a n d  v i c e  
v e r s a .  I n  o t h e r  words t h e  sys tem d e f i n i t i o n  m a t r i c e s ,  
F ,  G a n d  r v a r y  w i t h  x c o n s i d e r a b l y .  The sys tem i s  v e r y  
s e n s i t i v e  t o  v a r i a t i o n s  i n  rl when t h e  speed  i s  low. I f  
c o n s t a n t  v a l u e s  a r e  t a k e n  from m a t r i c e s  A a n d  B ,  t h e  g a i n s  
t end  t o  be u n d e s i r a b l y  h i g h  a t  low s p e e d s .  

m a t r i c e s  A and B ,  t h e  c h o i c e  o f  x -dependence  i s  n o t  c l e a r .  
One r e a s o n a b l e  w a y ,  we t h i n k ,  would be t o  choose  

One p o s s i b l e  c h o i c e  o f  S x f ,  A a n d  B i s  s u g g e s t e d  

While i t  i s  c l e a r  t h a t  i t  i s  d e s i r a b l e  t o  use  x - v a r y i n g  

For t h i s  c a s e  t h e s e  e q u a t i o n s  were found t o  be v e r y  
u s e f u l  i n  making a n  i n i t i a l  g u e s s .  To s i m p l i f y  t h i n g s ,  we 
used B depending  l i n e a r l y  o n  V .  
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The s o l u t i o n  t o  the  o p t i m i z a t i o n  p r o b l e m  ( e q u a t i o n s  
( 3 . 2 . 1 7 )  a n d  ( 3 . 3 . 1 ) )  requires  t h e  s o l u t i o n  t o  t h e  wel l -  
k n o w n  R i c c a t i  e q u a t i o n  

dS = -SF-FTS-AtSGB -1 G T S ax S ( X f )  = s 
X f  

( 3 . 3 . 3 )  

The e q u a t i o n  can  be i n t e g r a t e d  backward  s t a r t i n g  from 
t h e  k n o w n  f i n a l  c o n d i t i o n .  The c o n t r o l  c a n ,  then ,  be found 
a s  a f u n c t i o n  of t h e  s t a t e  v a r i a b l e s ,  

( 3 . 3 . 4 )  1 T  U = - B -  G SZ = C Z  

3.4 C o n t r o l  i n  the  Presence o f  W i n d  

an  e s t i m a t e d  v a l u e  o f  t h e  wind  w i t h  a g a i n .  To d e r i v e  an  
e q u a t i o n  fo r  t h i s  g a i n ,  a model f o r  t he  w i n d  v e l o c i t y  i s  
needed. A r e a s o n a b l e  model  i s  

In  t h e  p r e s e n c e  of  w i n d ,  i t  i s  h e l p f u l  t o  f e e d  back 

h = Ew + w h i t e  n o i s e  ( 3 . 4 . 1 )  

A d j o i n i n g  t h i s  e q u a t i o n  t o  t he  o t h e r  s t a t e  e q u a t i o n s  
( 3 . 2 . 1 7 )  we have:  
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. 
Zw = FwZw + GWu ( 3 . 4 . 2 )  

I t  c a n  b e  shown ( B R - 2 )  t h a t  t h e  g a i n s  on  S V ,  s y ,  sy a r e  

t h e  same as  when w = 0, and  t h a t  t h e  g a i n s  o n  t h e  e s t i m a t e d  

w i n d  w a r e  o b t a i n e d  b y  s o l v i n g  t h e  f o l l o w i n g  d i f f e r e n t i a l  
e q u a t i o n  f o r  R 

. T -1  T R = - S r - R E - F  R + S G B  G R 

w h e r e ,  

R ( x f )  = 0 
( 3 . 4 . 3 )  

F o r  a c o n s t a n t  w i n d  E f! 0. 

3 . 5  E s t i m a t i o n  o f  t h e  Wind  V e l o c i t y  

w i n d ,  i t  i s  n e c e s s a r y  t o  o b t a i n  an e s t i m a t e  o f  t h e  w i n d  
v e l o c i t y .  I t  c o u l d  b e  f o u n d  b y  d i r e c t  m e a s u r e m e n t  o r  f r o m  
some o t h e r  e x t e r n a l  s o u r c e .  H o w e v e r ,  i f  t h i s  i s  n o t  p o s s i b l e ,  
t h e  w i n d  v e l o c i t y  may b e  e s t i m a t e d  u s i n g  m e a s u r e m e n t s  o f  

a i r c r a f t  m o t i o n .  T h i s  m e t h o d  o f  e s t i m a t i o n  i s  d e s c r i b e d  
h e r e .  

To c o n t r o l  t h e  a i r c r a f t  e f f e c t i v e l y  i n  t h e  p r e s e n c e  o f  

The s t a t e  e q u a t i o n s  a n d  t h e  e q u a t i o n  g o v e r n i n g  t h e  
a v e r a g e  w i n d  v e l o c i t y  a r e  

4 2  



\;J = Ew ( 3 . 4 . 1 )  

Take i a s  the measurement ( a s suming  Z i s  a v a i l a b l e ) .  
T h e n  the e s t i m a t e d  v a l u e ,  \j, o f  w can be o b t a i n e d  by 

A 

,j = E; + K ( x ) [ i - i ]  

From e q u a t i o n  ( 3 . 2 . 1 7 ) ,  
A 

i = F Z  t G U  + r i  

( 3 . 5 . 1 )  

( 3 . 5 . 2 )  

S u b s t i t u t i n g  e q u a t i o n s  (3 .2 .17 )  a n d  ( 3 . 5 . 2 )  i n  e q u a t i o n  
( 3 . 5 . 1 )  we h a v e ,  

= E ,j + K ( x ) r ( x ) [ w - i ]  ( 3 . 5 . 3 )  

S u b t r a c t i n g  e q u a t i o n  ( 3 . 4 . 1 )  from e q u a t i o n  ( 3 . 5 . 3 )  

A A A 

- d (w-w) = E(w-w) - K ( x ) r ( x ) ( w - w )  ( 3 . 5 . 4 )  d x  

D e f i n i n g  t h e  error  e a s ,  

A 

e = w - w  ( 3 . 5 . 5 )  

( 3 . 5 . 6 )  

By a s u i t a b l e  c h o i c e  o f  t h e  x - v a r y i n g  g a i n  K ( x )  the  
c h a r a c t e r i s t i c  r o o t  o f  (3 .4 .6 )  can  be p l a c e d  anywhere one 
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TWO IMPLEMENTATIONS ARE POSSIBLE 

(i) i f  Z i s  ava i lab le .  

1 
I 

( i i )  i f  Z i s  not a v a i l a b l e  

I 

Figure 3.2 Estimation of Wind V e l o c i t y  
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d e s i r e s ,  f o r  a l l  x .  

Equat ion  . ( 3 . 5 . 3 )  can be p u t  i n  a n o t h e r  form u s i n g  o n l y  Z 
a n d  n o t  Z : .  

n e  

W - K Z - K i  = E h K r w - K r i - i Z - K [  F Z t G U t c w ]  

i . e .  , 

( 3 . 5 . 7 )  

- d A  ( w - K Z )  = (E-Kr) 
d x  

d e f i n i n g  
c) c) 

y = W - K Z ,  

d c )  = (E-Kr); - K G U  - (Kr+k-(E-Kr)K)Z d x Y  
( 3 . 5 . 8 )  

, T h i s  i s  a n o t h e r  way the o b s e r v e r  can be implemented.  The 
g a i n  K ( x )  can be chosen a s  b e f o r e .  The b lock  d iagram f o r  
two  poss ib l e  o b s e r v e r s  i s  s h o w n  i n  Figure 3.2. 

3.6  RMS Response i n  P resence  of  F l u c t u a t i n g  Wind 

v e l o c i t y  a long  i t s  f l i g h t  path because of  v a r i a t i o n  i n  
w i n d  v e l o c i t y  w i t h  ( a )  d i s t a n c e ,  and ( b )  time. When 
the  c o r r e l a t i o n  d i s t a n c e  i s  s m a l l ,  i t  i s  n o t  p o s s i b l e  t o  
e s t i m a t e  t he  w i n d  v e l o c i t y  a c c u r a t e l y .  I f  t h e  c o r r e l a t i o n  
d i s t a n c e  i s  i n f i n i t e s i m a l l y  s m a l l ,  i . e . ,  t h e  w i n d  i s  " w h i t e " ,  
the  g a i n s  on t h e  e s t i m a t e d  wind d o  n o t  change t h e  r e s p o n s e  
s ince  i t  i s  i m p o s s i b l e  t o  p r e d i c t  the f u t u r e  b e h a v i o r  of 
t h e  w i n d  from p a s t  i n f o r m a t i o n .  S u b s t i t u t i n g  f o r  U from 
e q u a t i o n  ( 3 . 3 . 4 )  i n  e q u a t i o n  ( 3 . 2 . 1 7 ) ,  we have 

A t i l t - r o t o r  a i r c r a f t  may e n c o u n t e r  f l u c t u a t i n g  w i n d  
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dZ = ( F t G C ) Z + r w  . ( 3 . 6 . 1 )  aT 

I f  w i s  assumed w h i t e ,  w i t h  t i m e  c o r r e l a t i o n  

E [ w ( ~ ) w ( T ) I  = Q ( t ) s ( t - ~ )  ( 3 . 6 . 2 )  

Z ( x )  = E ( Z ( x ) Z T ( x ) )  ( 3 . 6 . 3 )  

i t  c a n  be shown t h a t  ( B R - 1 ) ,  

a d x  = ( F t G C ) Z  t Z(F+GC)T t r Q ( x ) r T  ( 3 . 6 . 4 )  

w h e r e ,  

E ( w ( x ) w ( x ' ) )  = Q ( x ) & ( x - x ' )  ( 3 . 6 . 5 )  

d t  - 1 a;r - v c o s  y 

e q u a t i o n  ( 3 . 6 . 1 )  c a n  a l s o  be w r i t t e n  as  

- -  dZ - (F+GC)Z V c o s  y + rw V cos  y d t  ( 3 . 6 . 6 )  

Hence  
d Z  T T 2  2 dt = (F+GC)V c o s  Y Z t Z  V c o s  y (F+GC)  + r Q ( t ) r  V c o s  y 

( 3 . 6 . 7 )  

C h a n g i n g  b a c k  t o  x a s  t h e  i n d e p e n d e n t  v a r i a b l e ,  

- -  " - (F+GC)Z+Z(F+GC)T t r  Q ( t ) V  C O S  y rT 
dx  

( 3 . 6 . 8 )  
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Equa t ion  ( 3 . 6 . 9 )  i s  a g e n e r a l  e q u a t i o n  f o r  c h a n g i n g  
t h e  i n d e p e n d e n t  v a r i a b l e .  Equat ion  ( 3 . 6 . 4 )  can be s o l v e d  
u s i n g  e q u a t i o n  ( 3 . 6 . 9 )  and the i n i t i a l  c o n d i t i o n ,  

( 3 . 6 . 1 0 )  

3.7 Summary 

technique f o r  a t i l t i n g  p r o p r o t o r  a i r c r a f t .  T h i s  scheme 
can be s i m p l i f i e d  i n  most c a s e s .  For i n s t a n c e ,  i t  may n o t  
be n e c e s s a r y  t o  use a l l  f o u r  c o n t r o l  v a r i a b l e s  o r  i t  may be 
u n n e c e s s a r y  t o  f eed  back a l l  s t a t e  v a r i a b l e s  t o  a l l  c o n t r o l s .  
The nex t  two c h a p t e r s  c o n s i d e r  t a k e - o f f  and l a n d i n g  t r a -  
j e c t o r i e s  f o r  the  Bell Model 266 and show how s i m p l i c a t i o n s  
can  be made i n  t h o s e  c a s e s .  

This c h a p t e r  presented a g e n e r a l  p e r t u r b a t i o n  g u i d a n c e  

47 



C H A P T E R  IV 
L o n g i t u d i n a l  Guidance During Take -o f f  

4.1 I n t r o d u c t i o n  
The g e n e r a l  m e t h o d  f o r  V T O L  a i r c r a f t  g u i d a n c e ,  p r e -  

sented i n  t h e  l a s t  c h a p t e r  i s  mod i f i ed  a n d  s i m p l i f i e d  t o  
d e v e l o p  a g u i d a n c e  scheme f o r  the t a k e - o f f  phase  o f  
t h e  f l i g h t .  The t a k e - o f f  i n v o l v e s  t r a n s i t i o n  from a low- 
speed  h e l i c o p t e r  mode t o  a h igh - speed  c r u i s e  mode, i n  w h i c h  
t h e  r o t o r s  a r e  used as p r o p e l l e r s .  The t e c h n i q u e s  a p p l i e d  
here can  be used f o r  any t a k e - o f f  t r a j e c t o r y .  However, 
a p a r t i c u l a r  f l i g h t  p a t h  has  been chosen f o r  i l l u s t r a t i o n .  

The s e l e c t e d  f l i g h t  p a t h  i s  shown i n  F i g u r e s  4 . l a  
and 4 . l b .  The a i r c r a f t  s t a r t s  v e r t i c a l l y  from z e r o  speed .  

a .a 

T Horizontal 1 
h 

START I NG PO I NT 

) c x  -4 

F i g u r e  4 . l b  Terminology Used f o r  Take-Off 
T r a j e c t o r y  

T h e  f l i g h t  p a t h  a n g l e  i s  m a i n t a i n e d  a t  a / 2  u n t i l  a speed  o f  
2.85 m sec” i s  r e a c h e d .  Then t h e  a i r c r a f t  s t a r t s  t h e  
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t r a n s i t i o n  a t  a c o n s t a n t  normal a c c e l e r a t i o n  of - 1 . 6  m s e c ” .  
The thrust  i s  f i x e d  a t  i t s  maximum a v a i l a b l e  v a l u e  a t  a l l  
t i m e s .  The f l a p s  a n d  a i l e r o n - f l a p s  a r e  d e f l e c t e d  a s  much 
a s  p o s s i b l e  (57 d e g r e e s )  b e f o r e  s t a r t i n g ,  t o  r e d u c e  
download o n  t h e  w i n g s ,  a n d  a r e  r e t r a c t e d  a s  t h e  a i r c r a f t  
g a i n s  speed .  The p i t c h  a n g l e  i s  chosen  so t h a t  t h e  w i n g s  
a r e  loaded  as much a s  p o s s i b l e  w i t h  a 20% margin  f o r  s t a l l .  
We s p e c i f y  maximum and m i n i m u m  a l l o w a b l e  v a l u e s  o f  t h e  
p i t c h  a n g l e .  Figure 4 . 2  shows nominal v a l u e s  o f  f l i g h t  
p a t h  a n g l e ,  v e l o c i t y ,  p i t c h  a n g l e  and r o t o r  s h a f t  d e f l e c -  
t i o n  a n g l e .  

4 . 2  S i m p l i f y i n g  t h e  Model 

v a r i a b l e  c o n s t r a i n t s .  The t h rus t  i s  f i x e d  a t  t h e  maximum 
v a l u e ;  hence p o s i t i v e  v a l u e s  o f  sT a r e  n o t  f e a s i b l e .  
There  a r e  s i m i l a r  c o n s t r a i n t s  on f l a p  d e f l e c t i o n  and p i t c h  
a n g l e  d u r i n g  a p o r t i o n  o f  t h e  t a k e - o f f  t r a j e c t o r y .  One 
way t o  use q u a d r a t i c  s y n t h e s i s  i s  t o  u s e  l e s s  (more )  t h a n  the  
maximum ( m i n i m u m )  v a l u e s  of t h e s e  c o n t r o l  v a r i a b l e s  d u r i n g  
t h e  nominal f l i g h t  l e a v i n g  a c e r t a i n  margin  f o r  f e e d b a c k  
c o n t r o l .  However, i n  t h i s  c a s e ,  t h e r e  a r e  fou r  c o n t r o l  
v a r i a b l e s  and i t  i s  n o t  n e c e s s a r y  t o  u s e  a l l  of them t o  
a c h i e v e  the d e s i r e d  g o a l .  We d e c i d e d  t o  use  t h r u s t  and 
f l a p  d e f l e c t i o n  a s  open- loop  c o n t r o l s  and r o t o r  s h a f t  t i l t  
and p i t c h  a n g l e s  a s  f e e d b a c k  c o n t r o l s .  The i n s t a l l e d  
power and r o t o r  s i z e  i n  a t i l t - r o t o r  V T O L  a i r c r a f t  a r e  
d i c t a t e d  by t h e  t a k e - o f f  r e q u i r e m e n t s ;  hence  u s i n g  any-  
t h i n g  b u t  the  maximum t h r u s t  d u r i n g  t a k e - o f f  i s  e c o n o m i c a l l y  
u n d e s i r a b l e .  The f l a p  d e f l e c t i o n  i s  n o t  a v e r y  e f f e c t i v e  
c o n t r o l  v a r i a b l e .  The l i n e a r i z e d  e q u a t i o n s  i n  the  p r e -  
s e n c e  of  w i n d  ( e q u a t i o n s  ( 3 . 4 . 2 ) )  s i m p l i f y  t o  

The problem of g u i d a n c e  d u r i n g  t a k e - o f f  has  c o n t r o l  
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d Z ~  = F w ( x ) z ,  + G T o ( x )  U T O  dx ( 4 . 2 . 1 )  

where F,, Z w ,  r a n d  w a r e  d e f i n e d  i n  e q u a t i o n s  ( 3 . 2 . 1 8 )  a n d  
( 3 . 4 . 2 )  a n d  G T O  a n d  u T O  a r e  

0 

0 

( 4 . 2 . 2 )  

The d r a g  on  t h e  rotors  a n d  t h e  n a c e l l e s  i s  small a l o n g  
most o f  t h e  f l i g h t  p a t h  and i s  d r o p p e d .  

4 . 3  Choice of W e i g h t i n q  M a t r i c e s  
T e n t a t i v e  s p e c i f i c a t i o n s  for  m a t r i c e s  A ,  B ,  a n d  S 

i n  e q u a t i o n  ( 3 . 3 . 1 )  were m a d e ' u s i n g  e q u a t i o n s  ( 3 . 3 . 2 )  and 
( 3 . 3 . 3 )  as g u i d e l i n e s .  A s i m p l i f i e d  l i n e a r  V-dependence i s  
used. F i n a l  values  of these  ma t r i ces  were o b t a i n e d  by 
c u t  a n d  t r y .  They a r e *  

X f  

.00021 0 0 

0 

.00044 C O S  y 
A =  

0 0 

- 
*Units i n  meters ,  s e c ,  r a d .  
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r.14 1 
B- '  = [ - 

( . 3 } V > 2 4 . 5  m s e c - 1  J 
0 V<24 .5  m s e c - '  

. 0 6 9  1 . 2  . 0 2  -. 0 0 2 6  

1 . 2  1 7 0 . 0  2 .9  1 . 1  

* 0 1 3  . 0 4 8  J . 0 2  2 . 9  . 0 6 3  
-. 0 0 2 6  1 . 1  . 0 1 3  

- 
s f  - 

( 4 . 3 . 1  ) 

2 The  A 3 3  t e r m  i n  m a t r i x  A v a r i e s  as  c o s  y b e c a u s e  we 

a r e  i n t e r e s t e d  i n  m i n i m i z i n g  t h e  s q u a r e  o f  t h e  d i s t a n c e  
n o r m a l  t o  t h e  f l i g h t  p a t h  w h i l e  t h e  s t a t e  v a r i a b l e  Z w 3  i s  

t h e  v e r t i c a l  d i s t a n c e .  I t  i s  c l e a r  f r o m  S e c t i o n  3 .4  a n d  

t h e  f a c t  t h a t  t h e  w i n d  v e l o c i t y  w ,  i s  u n c o n t r o l l a b l e ,  t h a t  
t h e  w e i g h t  A 4 4  makes no d i f f e r e n c e .  A t  l o w  s p e e d s ,  t h e  
a n g l e  o f  a t t a c k  o f  t h e  w i n g ,  a n d  h e n c e  t h e  p i t c h  a n g l e ,  d o e s  
n o t  a f f e c t  t h e  f o r c e s  v e r y  much.  B e l o w  a s p e e d  o f  24 .5  
m sec" ,  we p u t  ( B - 1 ) 2 2  e q u a l  t o  z e r o  t o  r e f l e c t  t h i s .  The 

m a t r i x  S f  i s  c h o s e n  as  t h e  s t e a d y  s t a t e  R i c c a t i  g a i n  m a t r i x  

f o r  a c o n s t a n t  c o e f f i c i e n t  s y s t e m  w i t h  s t a t e  a n d  w e i g h t i n g  

m a t i c e s  c o r r e s p o n d i n g  t o  t h e  t e r m i n a l  t i m e . *  T h i s  e n s u r e s  

t h a t  n o  g a i n  i s  a b n o r m a l  n e a r  t h e  t e r m i n a l  c o n d i t i o n .  I n  

c a s e s  w h e r e  t h e  p r o c e s s  c o n t i n u e s  b e y o n d  t h e  t e r m i n a l  d e s i g n  

t i m e ,  we c o n s i d e r  t h i s  a u s e f u l  a l g o r i t h m  f o r  p i c k i n g  t h e  

R i c c a t i  g a i n  m a t r i x  a t  t h e  t e r m i n a l  p o i n t .  

~ 

* 
I n  t h i s  c a s e  S i s  c o m p u t e d  u s i n g  w = - . O O O l w + " w h i t e " n o i s e  

t o  a v o i d  t h e  p r o b l e m  o f  z e r o  e i g e n v a l u e  i n  t h e  e i g e n v e c t o r  
d e c o m p o s i t i o n  t e c h n i q u e .  

Xf 
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4 . 4  Con t ro l  Gains  a n d  A i rc ra f t  Per formance  i n  t he  P r e s e n c e  
o f  W i n d  
The g a i n s  on  r o t o r  s h a f t  t i l t  a n d  p i t c h  a n g l e  a r e  shown 

as a f u n c t i o n  of t h e  h o r i z o n t a l  d i s t a n c e  x i n  F i g u r e s  4 . 3  a n d  
4 .4 .  These g a i n s  a r e  f o r  a i r c r a f t  speeds g r e a t e r  t h a n  2 .85  
m sec". D u r i n g  the v e r t i c a l  f l i g h t  i m m e d i a t e l y  a f t e r  t a k e -  
o f f ,  the  h o r i z o n t a l  d i s t a n c e  does  n o t  change and i t  c a n n o t  
be used as the  independen t  v a r i a b l e .  T h i s  problem i s  d i s -  
cussed l a t e r  i n  S e c t i o n  4 .5 .  

All g a i n s  a r e  nega t ive  or ze ro  t h r o u g h o u t  t he  f l i g h t  
p a t h .  The g a i n s  on p i t c h  a n g l e  a r e  zero  f o r  x < 64 m 
s i n c e  we p u t  (B-1 )22  equal  t o  z e r o  f o r  x i n  t h i s  r ange .  
Notice t h a t  mos t  o f  t h e s e  ga in  programs can be approx ima ted  
by combina t ions  o f  c o n s t a n t  va lues  and ramp f u n c t i o n s .  

C o n t r o l l e d  t i l t - r o t o r  a i r c r a f t  f l i g h t  p a t h s  i n  t he  
presence o f  w i n d  or i n i t i a l  d i s t u r b a n c e s  were computed 
u s i n g  t h e  n o n l i n e a r  e q u a t i o n s .  A t  any p o i n t  a l o n g  the  
f l i g h t  p a t h ,  i n c r e m e n t a l  p i t c h  a n g l e  and ro tor  s h a f t  t i l t  
a r e  computed  u s i n g  d e v i a t i o n s  i n  a i r c r a f t  v e l o c i t y ,  f l i g h t  
p a t h  a n g l e ,  v e r t i c a l  d i s t a n c e  from the  nominal t r a j e c t o r y ,  
and  es t imated w i n d  v e l o c i t y .  A c o n t i n u o u s  i m p l e m e n t a t i o n  
i s  assumed.  

F i g u r e  4 .5  shows t h e  f l i g h t  p a t h  f o r  t h e  t i l t - r o t o r  
V T O L  a i r c r a f t  w i t h  ' i n i t i a l  e r r o r s  i n  f l i g h t  p a t h  a n g l e  
( - 5 . 7 " )  a n d  d i s t a n c e  away from t h e  nominal t r a j e c t o r y  
( v e r t i c a l  d i s t a n c e  = -5m). The errors  d i e  o u t  q u i t e  q u i c k l y .  
The normal d i s t a n c e  o f  t h i s  t r a j e c t o r y  from t h e  n o m i n a l  one 
i s  a l m o s t  z e r o  a t  the  f i n a l  h o r i z o n t a l  p o s i t i o n .  W i t h  no  
c o n t r o l  t h e r e  wi l l  be a t e r m i n a l  error  o f  1 0 m .  The 
f i g u r e  a l s o  shows v a r i a t i o n s  o f  6 8  a n d  d n .  By t h e  time t h e  
p i t c h  a n g l e  c o n t r o l  comes i n t o  a c t i o n  the  e r rors  a r e  a l r e a d y  
sma l l .  T h e  maximum v a l u e  of 6 q  i s  l e s s  t h a n  6" and 6 8  i s  
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a lways  s m a l l .  

A t r a j e c t o r y  i n  t h e  p r e s e n c e  o f  a s t e a d y  head wind 
of  5 . 0  m s e c ”  i s  s h o w n  i n  Figure 4 . 6 .  I n i t i a l l y  t h i s  
t r a j e c t o r y  f a l l s  below t h e  nominal t r a j e c t o r y .  The 

e r ror  i n  p o s i t i o n  s t a r t s  from a low v a l u e ,  r e a c h e s  a maximum 
v a l u e  of  1 . 4  m a t  h o r i z o n t a l  d i s t a n c e  300 m and t h e n  de-  
c r e a s e s  a g a i n .  The f i n a l  e r r o r  i s  l e s s  t h a n  . 4  in. I n  t h e  
a b s e n c e  of f eedback  c o n t r o l  i t  would be 35 m .  The d e v i a -  
t i o n s  i n  ro tor  s h a f t  t i l t  a n g l e  a n d  p i t c h  a n g l e  r e a c h  t h e i r  
max imum v a l u e s  a t  200 m .  By t h i s  p o i n t  t h e  w i n d  v e l o c i t y  
i s  es t imated w i t h i n  5% and t h e r e  i s  enough 6 8  and 6~ t o  
c o u n t e r b a l a n c e  the e f f e c t  o f  w i n d  a s  much a s  p o s s i b l e .  T h i s  
r equ i r ed  amount o f  6 8  and 6~ d e c r e a s e s  w i t h  i n c r e a s i n g  s p e e d .  

Using c o n t r o l  g a i n s  computed above many o t h e r  f l i g h t  
p a t h s  were computed. The f l i g h t  p a t h s  o b t a i n e d  by a s suming  
p e r f e c t  knowledge o f  w i n d  were s u p e r i o r  t o  t h e  ones  w i t h  a 
w i n d  e s t i m a t o r .  Feeding  back e s t i m a t e d  or o t h e r w i s e  measured 
w i n d  v e l o c i t y  p r o v i d e s  a c o n s i d e r a b l e  improvement .  

Using t h e  l i n e a r i z e d  sys t em o f  e q u a t i o n s ,  t he  r o o t  mean 
s q u a r e  ( R M S )  r e s p o n s e  i s  computed i n  t h e  p r e s e n c e  o f  random 
w i n d .  F i g u r e s  4 . 7  and 4 . 8  show R M S  v a l u e s  o f  s t a t e  and con- 
t ro l  v a r i a b l e s  i n  t h e  p r e s e n c e  o f  a random w i n d  w i t h  R M S  
v a l u e  o f  3 . 0  m s e c ”  a n d  c o r r e l a t i o n  t i m e  o f  . 3 0  s e c  
(mode l l ed  “ w h i t e ” ) .  Al l  s t a t e  v a r i a b l e s  a r e  assumed t o  be 
k n o w n  e x a c t l y .  The R M S  v a l u e s  of  i n i t i a l  e r r o r s  i n  v e l o -  
c i t y ,  f l i g h t  p a t h  a n g l e  and h e i g h t  were t a k e n  as  1 . 0  m s e c ” ,  
.01 r a d ,  a n d  3.0 m r e s p e c t i v e l y .  

F i g u r e s  4 . 9  a n d  4 .10  show R M S  v a l u e s  of  s t a t e  a n d  
c o n t r o l  v a r i a b l e s  i n  t h e  p r e s e n c e  o f  w i n d  c o n s i s t i n g  of two  
components,  ( a )  a random w i n d  a s  i n  t h e  l a s t  c a s e ,  a n d  ( b )  
a s t e a d y  w i n d  w i t h  R M S  v a l u e  3 .0  m s e c - ’ .  The i n i t i a l  R M S  
e r r o r s  a r e  t h e  same a s  i n  t h e  l a s t  c a s e .  I n i t i a l l y  t h e  
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e r r o r s  i n c r e a s e  a n d  then they dec rease .  W i t h i n  1 0 0  m from 
the  s t a r t i n g  p o s i t i o n  the  R M S  e r r o r s  reach almost a con-  
s t a n t  va lue .  
a n d  i n  he igh t  i s  a b o u t  1 .0  m .  These e r r o r s  a r e  more t h a n  
t he  corresponding e r r o r s  i n  the l a s t  case where t h e r e  i s  
no s t eady  w i n d .  The R M S  6 n ,  t he  change i n  rotor s h a f t  t i l t  
a n g l e ,  i s  a lways  l e s s  t h a n  6" a n d  t h e  R M S  68 never exceeds 
1.5'. Less con t ro l  i s  requi red  i n  t h e  absence o f  t h i s  
s t eady  w i n d .  The e r r o r s  i n  s t a t e  v a r i a b l e s  a n d  t h e  r equ i r ed  
a m o u n t  o f  c o n t r o l  l o o k  q u i t e  r easonab le .  

T.he RMS e r r o r  i n  v e l o c i t y  i s  a b o u t  1 . 0  m sec" 

4 . 5  Guidance a t  Low Speed 

h o r i z o n t a l  d i s t a n c e  i s  n o t  a useful  independent v a r i a b l e .  
Furthermore the assumption concerning the  decoupling o f  t he  
l o n g i t u d i n a l  a n d  l a t e r a l  vehic le  m o t i o n s  i s  n o t  very g o o d .  

Immediately a t  t ake -o f f  t h e  f l i g h t  p a t h  i s  v e r t i c a l  a n d  

One way t o  deal w i t h  these  compl ica t ions  i s  t o  use a 
modified hover a u t o p i l o t  u n t i l  t h e  a i r c r a f t  reaches  a ce r -  
t a i n  speed. Since commercial V T O L  a i r c r a f t  wi l l  p r o b a b l y  

have an  a u t o p i l o t  hover mode, i t  should be easy t o  modi fy  
t h i s  mode so t h a t  i t  can be used a t  low speeds a l s o .  Hover 
a u t o p i l o t s  f o r  V T O L  a i r c r a f t  have been designed f o r  example 
by Bryson a n d  Ha l l  ( B R - 2 ) .  

Even i f  t he  assumption o f  decoupling i s  considered s a t i s -  
f a c t o r y  for  t h i s  purpose the re  i s  ano the r  problem. A t  l o w  
speeds even when the  f l i g h t  p a t h  i s  n o t  e x a c t l y  v e r t i c a l  
t h e  ga ins  a n d  n o m i n a l  values  o f  s t a t e  a n d  c o n t r o l  v a r i a b l e s  
change r a p i d l y  a s  a func t ion  o f  t he  h o r i z o n t a l  d i s t a n c e ,  x .  
Errors i n  e s t i m a t i o n  o f  x c o u l d  cause some t r o u b l e .  Under 
t h e s e  circumstances i t  i s  b e t t e r  t o  use the  he igh t  h as  t he  
independent v a r i a b l e  d u r i n g  the i n i t i a l  p a r t  o f  t h e  t r a j e c t o r y .  

6 4  



' E' 

r 
.o L 
dc, cc 

m 
L 

- 0 v  
O L  

0 m . o  m a  
4 7 -  I I 

?- 
C u 

N -  0 
0 0  0 0  
I I  I I  

n 

E 
V 
Q, 
v) 

F 
I 

E 

U 

n 
n 
E 
U 

r 

c, cc 
L 
V 
L 
4 

cc 
0 

c, 
r 
m 
aJ 
I 

L 

m 

*r 

*r- 

c o a = f N o  
I I I I 1  

o o q o  
c o a = f N o  

I I I I 1  

o o q o  

I I I I 

I 
E 

65 



To d o  t h i s  i t  i s  necessary t o  r e l i n e a r i z e  the  equa t ions  o f  
m o t i o n .  

A l t i t ude ;h ,  i s  used as the  independent v a r i a b l e  u n t i l  
t h e  f l i g h t  path angle  i s  45" and t h e r e a f t e r  i t  i s  changed 
t o  x .  The f l i g h t  p a t h  angle  i s  45" a t  h o r i z o n t a l  d i s t a n c e  
27 m a n d  he igh t  4 1 . 7  m .  The g a i n s  a r e  shown i n  Figure 4 . 1 1  
f o r  0 - < h - < 4 1 . 7  m .  I n  these computations t h e  weight ing 
ma t r i ces  were n o t  modified t o  account f o r  a change i n  t he  
independent v a r i a b l e .  The gains d o  n o t  change as r a p i d l y  a s  
they  d i d  before .  

4 .6  Summary 

i n i t i a l  d i s tu rbances .  The i n i t i a l  d i s tu rbance  i s  -5 .0  m i n  
he igh t  a n d  - . l  r a d  i n  f l i g h t  path angle .  The c o n t r o l  system 
c u t s  down t he  e r r o r  by a f a c t o r  o f  a b o u t  100 while using a 
n o m i n a l  a m o u n t  o f  c o n t r o l .  

Table IV-1 shows the  control  system performance w i t h  

Table IV-2 compares the  con t ro l  system under d i f f e r e n t  
cond i t ions  f o r  a 5 .0  m sec" s t eady  head w i n d ,  In  t h e  a b -  
sence  o f  c o n t r o l ,  the  average e r r o r  ( d e v i a t i o n  normal  t o  
t h e  nomina l  t r a j e c t o r y )  ' i s  24 m a n d  t he  e r r o r  a t  t he  be- 
g i n n i n g  o f  c r u i s e  i s  35 m .  
e s t imated  or measured t h e  average e r r o r  i s  5.0 m a n d  t h e  
e r r o r  a t  t he  beginning o f  c ru i se  i s  2 . 6  m w i t h  t h e  con t ro l  
system. The change i n  ro tor  s h a f t  t i l t  angle  averages  
6 . 7 "  a n d  reaches a maximum va lue  o f  11".  I f  t h e  w i n d  
v e l o c i t y  i s  es t imated  the  average e r r o r  i s  0 .8  m a n d  t h e  e r r o r  
a t  t h e  beginning o f  c r u i s e  i s  . 4  m .  The change i n  rotor  
s h a f t  t i l t  angle  s t i l l  averages 6.7" a n d  has a maximum o f  
1 1 ' .  
k n o w n  followed by the  case  where i t  i s  e s t ima ted .  

I f  t h e  w i n d  v e l o c i t y  i s  n o t  

The performance i s  bes t  when w i n d  v e l o c i t y  i s  e x a c t l y  
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The x - v a r y i n g  c o n t r o l  g a i n s  were a p p r o x i m a t e d  u s i n g  a 
combina t ion  o f  c o n s t a n t  v a l u e s  a n d  ramp f u n c t i o n s .  T h e  
app rox ima ted  g a i n s  a r e  shown w i t h  d o t t e d  l i n e s  i n  F i g u r e s  
4 . 3  and  4 . 4 .  This  a p p r o x i m a t i o n  r e d u c e s  t h e  s t o r a g e  r e -  
q u i r e m e n t  and c o m p u t a t i o n  time f o r  an a i r b o r n e  computer  
c o n s i d e r a b l y .  R e f e r r i n g  t o  T a b l e s  IV-1 and  IV-2, we see  
t h a t  t h e  a p p r o x i m a t e  g a i n s  d e t e r i o r a t e  t h e  p e r f o r m a n c e  
s l i g h t l y .  The a p p r o x i m a t e d  g a i n s  s h o u l d  be used  i n  
a c t u a l  i m p l e m e n t a t i o n .  
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C H A P T E R  V 

L o n g i t u d i n a l  Guidance During Landing 

5 .1  I n t r o d u c t i o n  
This c h a p t e r  d e a l s  w i t h  t h e  c o n t r o l  g a i n s  a n d  t h e  

g u i d a n c e  scheme for  a t i l t i n g  p r o p r o t o r  V T O L  a i r c r a f t  d u r i n g  
approach  a n d  l a n d i n g .  The t e c h n i q u e  i s  s i m i l a r  t o  t h e  t a k e -  
o f f  c a s e .  

The nominal t r a j e c t o r y  c o n s i d e r e d  h e r e  i s  a s t r a i g h t  
l i n e  w i t h  a f l i g h t  p a t h  a n g l e  o f  -5 .7 ' .  The i n i t i a l  
a i r c r a f t  v e l o c i t y  i s  6 6 . 8  rn s ec"  and t h e  i n i t i a l  f l a p  
d e f l e c t i o n  i s  1 4  d e g r e e s .  To s t a r t  w i t h  t h e  r o t o r s  a r e  
unloaded  a n d  r o t a t e d  a t  a r a t e  o f  5 . 7 '  sec"  u n t i l  t h e  
rotor s h a f t  a n g l e  r e a c h e s  101 d e g r e e s .  The f l a p s  a n d  t h e  
a i l e r o n - f l a p s  a r e  a l s o  tu rned  a t  5 . 7 "  s ec"  r a t e  u n t i l  
t h e y  a r e  d e f l e c t e d  57 d e g r e e s .  The rotors  s t a r t  p roduc ing  
th rus t  when t h e  rotor  s h a f t  a n g l e  e x c e e d s  90" so t h a t  a 
component o f  the t h r u s t  d e c e l e r a t e s  t h e  a i r c r a f t .  The p i t c h  
a n g l e  i s  f i x e d  a t  -6' d u r i n g  powered f l i g h t . *  The 
a i r c r a f t  t r a j e c t o r y  i s  shown i n  F i g u r e  5 . 1 .  Nominal v a l u e s  
of v e l o c i t y ,  t h r u s t ,  p i t c h  a n g l e  a n d  rotor  s h a f t  d e f l e c -  
t i o n  a n g l e  a r e  shown i n  F i g u r e  5 . 2 .  

5 .2  S i m p l i f y i n g  t h e  Model 
The l i n e a r i z e d  e q u a t i o n s  of  Chap te r  I 1 1  have been 

s i m p l i f i e d  a s  i n  t h e  c a s e  of t a k e - o f f  g u i d a n c e  w i t h  one 
e x c e p t i o n .  D u r i n g  t a k e - o f f  t h e  rotor  th rus t  was s e t  a t  i t s  
max imum a v a i l a b l e  v a l u e  a t  a l l  t i m e s .  However, d u r i n g  
l a n d i n g  t h e  t h r u s t  i s  l e s s  t h a n  t h e  maximum v a l u e  a n d  can 
be used a s  a c o n t r o l  v a r i a b l e .  We use  rotor s h a f t  t i l t  
a n d  rotor t h r u s t  as twu c o n t r o l  v a r i a b l e s .  The s i m p l i f i e d  
and l i n e a r i z e d  e q u a t i o n s  a r e  

*Othe rwise  t h e  p i t c h  a n g l e  i s  d e t e r m i n e d  by t h e  r e q u i r e m e n t  
of  z e r o  normal a c c e l e r a t i o n .  
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w h e r e  

g l T  

GL = [I:: 0 g2T 0 

0 0 

a n d  

“L = [:;I 

( 5 . 2 . 1 )  

( 5 . 2 . 2 )  

5 .3  C h o i c e  o f  W e i g h t i n g  M a t r i c e s  

s i m i l a r  t o  t h e  t a k e - o f f  c a s e  a n d  i s  d e s c r i b e d  i n  S e c t i o n  
4 .3 .  The f i n a l  v a l u e s  o f  A ,  B a n d  S a r e  ( u n i t s  m e t e r s ,  
s e c ,  r a d )  

The t e c h n i q u e  f o r  c h o o s i n g  w e i g h t i n g  m a t r i c e s  i s  v e r y  

Xf  

0 

. 0 0 1 1  0 0 

.04 0 

2 0 .00044 C O S  y 

A =  
O 

0 

0 0 0 

2 x 1 ~ 7 ~  O I  
B-1, 

a n d ,  
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-. 06 
.36 .065 -. 0036 

[ .065 . 032  .0044 

(-.04 -.06 -.057 240 J 
(5.3.1) 

5.4 Gains a n d  F l i g h t  Paths i n  t he  Presence o f  Wind 

t h r u s t  as  a f u n c t i o n  o f  t he  h o r i z o n t a l  d i s t a n c e .  Near t h e  
terminal  p o i n t ,  t he  o p t i m a l  ga ins  h a d  wide f l u c t u a t i o n s  
i n  s p i t e  o f  choosing S x f  g i v e n  above. The ga ins  have been 
smoothed i n  t h i s  reg ion .  

Figures  5.3 a n d  5.4 s h o w  ga ins  on r o t o r  s h a f t  t i l t  a n d  

Notice t h a t  ga ins  on r o t o r  s h a f t  t i l t  a r e  zero f o r  
x < 930 m .  F o r  t h t s  range o f  x t h e  n o m i n a l  t h rus t  i s  zero .  
Hence changing t h e  r o t o r  s h a f t  t i l t  produced no  change i n  
f o r c e s .  

Unlike the  t ake -o f f  guidance some g a i n s  i n  t h i s  case  a r e  
p o s i t i v e .  There a r e  two m a i n  reasons fo r  t h i s :  ( a )  Since 
the  l a n d i n g  t r a j e c t o r y  i s  a s t r a i g h t  l i n e  t h e  v e l o c i t y -  
dependent c e n t r i f u g a l  f o r c e  i s  a b s e n t ,  ( b )  d u r i n g  a m a j o r  
p o r t i o n  o f  t h e  f l i g h t  the  rotor s h a f t  i s  t i l t e d  more t h a n  
9 0 " ;  under t h i s  cond i t ion  inc reas ing  the  r o t o r  s h a f t  t i l t  
produces many e f f e c t s  w h i c h  a r e  s i m i l a r  t o  the  e f f e c t s  p r o -  
duced by decreas ing  the  rotor s h a f t  t i l t  i f  i t  were l e s s  t h a n  
90".  

I n  t he  absence o f  t he  c e n t r i f u g a l  f o r c e ,  i t  i s  much 
e a s i e r  t o  exp la in  t h e  nature  o f  t h e  c o n t r o l  g a i n s .  I f  t h e  
rotor  s h a f t  t i l t  exceeds go",  i n c r e a s i n g  i t  dec reases  t h e  
f o r c e  a l o n g  t h e  v e l o c i t y  vec tor  a n d  pe rpend icu la r  t o  t he  
% I n  t h i s  case S x f  i s  computed using w=-.OOOlw+"white" noise  

t o  a v o i d  t he  problem of  zero e igenvalue  i n  t he  e igenvec to r  
decomposition technique .  
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v e l o c i t y  v e c t o r .  T h i s  t e n d s  t o  r e d u c e  v e l o c i t y ,  f l i g h t  p a t h  
a n g l e  a n d  h e i g h t .  
z e r o .  

Hence C n v ,  C a n d  C n h  a r e  p o s i t i v e  or 
r l Y  

The g a i n s  o n  ro tor  t h r u s t  a r e  neve r  z e r o .  I t  i s  
assumed t h a t  i t  i s  p o s s i b l e  t o  produce  s m a l l  n e g a t i v e  
t h rus t s .  D u r i n g  t h e  i n i t i a l  p a r t  o f  t h e  t r a j e c t o r y  
when t h e  r o t o r  t i l t  i s  l e s s  t h a n  9 0 ° ,  an i n c r e a s e  i n  t h r u s t  
i n c r e a s e s  the f o r c e  a l o n g  t h e  v e l o c i t y  a n d  p e r p e n d i c u l a r  
t o  t h e  v e l o c i t y .  T h u s  C T v ,  
t h e  r o t o r  t i l t  e x c e e d s  g o " ,  C T v  t e n d s  t o  change  s i g n .  

and C T h  a r e  n e g a t i v e .  A S  c T v  

A p o s i t i v e  w i n d  v e l o c i t y  ( h e a d - w i n d )  has  two e f f e c t s .  
I t  d e c r e a s e s  t h e  a n g l e  o f  a t t a c k  ( b e c a u s e  t h e  n o m i n a l  f l i g h t  
p a t h  a n g l e  i s  n e g a t i v e )  and i n c r e a s e s  t h e  a i r  s p e e d .  I t  i s  
n o t  s t r a i g h t  fo rward  t o  p r e d i c t  t h e  s igns  o f  C n w  a n d  C T w .  

F i g u r e  5 . 5  shows t h e  e r r o r s  i n  v e l o c i t y  and t h e  d i s t a n c e  
p e r p e n d i c u l a r  t o  t h e  nominal f l i g h t  p a t h  f o r  a n  i n i t i a l  e r r o r  
o f  - 0 . 1  r a d i a n  i n  f l i g h t  p a t h  a n g l e  and - 5  m i n  v e r t i c a l  
d i s t a n c e .  T h i s  i s  a l a r g e  e r r o r  s i n c e  i t  i n c r e a s e s  t h e  
a n g l e  of a t t a c k  by 5 . 7 " .  The e r r o r  i n  v e l o c i t y  i n c r e a s e s  
t o  a b o u t  2 rn sec" and t h e n  d e c r e a s e s .  
t o  t h e  nominal f l i g h t  p a t h  i n c r e a s e s  from - 4 . 9  m t o  - 1 2  m 
The a i r c r a f t  r e a c h e s  t h e  t e r m i n a l  p o i n t  w i t h  a s m a l l  e r r o r  
i n  p o s i t i o n  and a sma l l  v e l o c i t y  i n  t h e  f o r w a r d  d i r e c t i o n .  
The f i g u r e  a l s o  shows a n  and a T .  The change  i n  t h r u s t  
s t a r t s  from a h i g h  p o s i t i v e  v a l u e  a n d  soon d e c r e a s e s  t o  a 
low v a l u e .  The 6~ neve r  exceeds  2 . 5 " .  W i t h  no c o n t r o l  t h e  
v e l o c i t y  would be 5 .1  rn s e c - '  and d i s t a n c e  normal t o  
nominal t r a j e c t o r y  would be - 9 . 5  m a t  t h e  t e r m i n a l  p o i n t .  

The d i s t a n c e  normal 
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Figure 5.6 i s  a s imilar  d i a g r a m  when t h e  a i r c r a f t  
f l i e s  i n  a cons t an t  head-wind o f  5 . 0  m s e c - ’  w i t h  n o  i n f t i a l  
e r r o r s .  I n  t h e  absence of  feedback con t ro l  t h e  a i r c r a f t  
never reaches t h e  te rmina l  p o i n t .  The fo rward  v e l o c i t y  i s  
zero  165 m away from t h i s  p o i n t  a n d  t h e  p o s i t i o n  e r r o r  
( d i s t a n c e  normal t o  t he  n o m i n a l  t r a j e c t o r y )  i s  -80 m .  W i t h  
feedback con t ro l  t he  e r r o r  i n  v e l o c i t y  never exceeds 
6 m sec”  a n d  d i s t a n c e  normal t o  t he  n o m i n a l  t r a j e c t o r y  i s  
a lways  l e s s  t h a n  6 . 0  m .  The a i r c r a f t  comes t o  r e s t  3 m away 
from t h e  te rmina l  p o i n t  a n d  the e r r o r  i n  p o s i t i o n  i s  2 . 8 . m .  
I n  t h i s  computation a l l  s t a t e  v a r i a b l e s  a r e  assumed t o  be 
k n o w n  e x a c t l y  except  t he  w i n d  v e l o c i t y .  The w i n d  v e l o c i t y  i s  
e s t ima ted  using the  technique of  Sec t ion  3.5 w i t h  a f i l t e r  
o f  t ime c o n s t a n t  4 s e c .  The maximum va lue  o f  l s n l  i s  5 . 7 ’  
a n d  t h e  maximum value of IsTl 1 s  a b o u t  2000 N.  As i n  t h e  case  
o f  t ake -o f f  t he  c o n t r o l l e d  t r a j e c t o r i e s  were computed 
using t h e  nonl fnear  e q u a t i o n s .  

Figures  5 .7  a n d  5 .8  show RMS va lues  o f  s t a t e  a n d  c o n t r o l  
v a r i a b l e s  a s  a func t ion  o f  t h e  h o r i z o n t a l  d i s t a n c e ,  x ,  i n  t h e  
presence o f  a ho r i zon ta l  w i n d  w i t h  two components: ( a )  a 
s t e a d y  w i n d  w i t h  3 .0  m sec”  RMS v a l u e  p l u s  ( b )  a random 
w i n d  w i t h  3 .0  m sec”  RMS value and .30 sec  c o r r e l a t i o n  t ime. 
RMS va lues  of  i n i t i a l  e r r o r s  i n  v e l o c i t y ,  f l i g h t  p a t h  ang le  
and v e r t i c a l  d i s t a n c e  a r e  taken a s  1 .0  m sec’l ,  .01 rad a n d  
3.0 m r e s p e c t i v e l y .  The l i n e a r i z e d  equa t ions  a r e  used f o r  
t h i s  computation s i n c e  t h e  use o f  non l inea r  equa t ions  makes i t  
necessary  t o  use t h e  expensive Monte-Carlo type s imula t ion .  

The RMS e r r o r s  i n  v e l o c i t y  and p o s i t i o n  i n c r e a s e  
i n i t i a l l y ,  decrease  a n d  then inc rease  again near  t h e  te rmina l  
p o i n t .  These e r r o r s  a r e  always reasonably  smal l .  The e r r o r  
i n  f l i g h t  p a t h  angle  s t a y s  small r i s ing  t o  a very h i g h  va lue  
w h e n  t h e  a i r c r a f t  speed i s  small .  The c o n t r o l  e f f o r t  r e -  
q u i r e d  t o  o b t a i n  t h i s  performance i s  q u i t e  reasonable .  
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Figure 5.7 RMS S t a t e  i n  t h e  Presence o f  Random Wind, w 
[w=wl+w2, w,=random b i a s  (RMS 3 msec-’) , 
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5 . 5  Summary 

be approximated  by a combina t ion  o f  c o n s t a n t  v a l u e s  a n d  ramp 
f u n c t i o n s .  I t  i s  n e c e s s a r y  t o  d o  t h i s  t o  s a v e  c o m p u t a t i o n  
t i m e  a n d  r e q u i r e d  memory on  a n  a i r b o r n e  compute r .  The ap-  
proximated  g a i n s  a r e  shown i n  d o t t e d  l i n e s  i n  F i g u r e s  5 . 3  
and 5 . 4 .  

Most o f  t h e  c o n t r o l  g a i n s  o b t a i n e d  i n  t h i s  c h a p t e r  can 

The pe r fo rmance  o f  t h e  o p t i m a l  and t h e  approx ima ted  
g a i n s  i n  t h e  p r e s e n c e  o f  i n i t i a l  d i s t u r b a n c e s  i n  v e l o c i t y  
a n d  f l i g h t  p a t h  a n g l e  i s  compared i n  T a b l e  V-1. The t i l t i n g  
p r o p r o t o r  V T O L  a i r c r a f t  has  a b o u t  t h e  same t e r m i n a l  and 
ave rage  e r r o r  w i t h  o p t i m a l  a n d  w i t h  a p p r o x i m a t e  g a i n s .  There 
i s  a c o n s i d e r a b l e  improvement e s p e c i a l l y  i n  t e r m i n a l  v e l o c i t y  
a n d  p o s i t i o n  t h r o u g h  u s i n g  t h e  f e e d b a c k  c o n t r o l .  

Table  V-2 shows t h e  V T O L  b e h a v i o r  i n  the  p r e s e n c e  of  
5 .0  m s ec - ’  head w i n d .  
i n  per formance  when t h e r e  i s  a f e e d b a c k  o n  w i n d  v e l o c i t y .  
The use o f  a p p r o x i m a t e  g a i n s  d e t e r i o r a t e s  t h e  pe r fo rmance  
s l i g h t l y .  W i t h  no f e e d b a c k  c o n t r o l  the  e r r o r s  a r e  s o  l a r g e  
t h a t  i t  seems i m p o s s i b l e  t o  l a n d  t h e  a i r c r a f t .  

The re  i s  a s i g n i f i c a n t  improvement  
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C H A P T E R  VI 
L a t e r a l  Guidance 

6 .1  E q u a t i o n s  o f  M o t i o n  

yaw a n g l e ,  J I )  of a t i l t - r o t o r  a i r c r a f t  a r e  n e a r l y  u n c o u p l e d  
from the  l o n g i t u d i n a l  m o t i o n s  j u s t  as i n  t h e  case  o f  
c o n v e n t i o n a l  a i r c r a f t .  In  g e n e r a l  these th ree  m o t i o n s  a r e  
c o u p l e d .  In  t h e  absence  o f  w i n d ,  these equa t ions  f o r  s m a l l  
B ,  4 and JI, a r e  the same a s  f o r  a c o n v e n t i o n a l  a i r c r a f t  

The l a t e r a l  m o t i o n s  ( s i d e s l i p ,  B ,  r o l l  a n g l e ,  4 ,  and 

(BL-119 

s s - c  m V  
q d  y g  

I z  2 b 
-‘n B ~qdb’-n ‘ n s  r 

- -  J x z  2 b I x  2 b  I - c ,  B SqdbS -m a ,  S q d b S  -2v a p  

( 6 . 1 . 1 )  

Defi n i  ng,  -% 

I 
E 4 @+JI ( 6 . 1 . 2 )  

e q u a t i o n s  ( 6 . 1 . 1 )  can b e  w r i t t e n  i n  a n o t h e r  form i n  t h e  
p r e s e n c e  o f  a l a t e r a l  wind w ( s e e  ‘F igure  6 . 1 ) .  

~ 

Y 
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F i g u r e  6.1 L a t e r a l  M o t i o n s  o f  T i l t  R o t o r  A i r c r a f t  

w 
- C 1  ( E - $ +  +)+C2++C;$+blY 

W 
2 - +)-C3+C4$+b2N 

.. 
$ = - W o ( $ - E  

.. W 
4 = - c 5 4 - c 6 ( $ - E -  $)+C7$+b3L ( 6 . 1 . 3 )  

w h e r e  C , J,,/Sqdb a r e  s m a l l  a n d  h a v e  b e e n  n e g l e c t e d  a n d  
Y r  

b 
m C n r  

' c 3 = -  T p q i  
- 1 2 cv ' w o =  -w bl - mV 

a7  



1 , , b 3 =  
X 

%er 
c 7 *  

(6 .1.4)  
Y i s  the  con t ro l  s i d e  fo rce  ( i f  t h e r e  i s  one) and N 

and L a r e  con t ro l  moments about t he  yaw and r o l l  axes 
r e s p e c t i v e l y .  I n  a t i l t - r o t o r  a i r c r a f t  d i r e c t  s i d e  f o r c e  
could be produced by a simultaneous l a t e r a l  c y c l i c  p i t c h  
change i n  b o t h  rotors.  However t o  avoid t h i s  a d d i t i o n a l  
complicat ion i n  de s ign ,  we s h a l l  i n s t e a d  use d i f f e r e n t i a l  
c o l l e c t i v e  p i t c h  t o  g ive  a cont ro l  r o l l i n g  moment. 

The l a t e r a l  d i s t a n c e  away from the  nominal f l i g h t  p a t h ,  
y ,  i s  given by 

j , = v E  (6 .1.5)  

Yaw moment i s  produced by d i f f e r e n t i a l  r o t o r  s h a f t  t i l t  
o r  d i f f e r e n t i a l  c y c l i c  p i t c h  v a r i a t i o n  i n  t he  l o n g i t u d i n a l  
d i r e c t i o n .  Large moments can be genera ted  qu ick ly  because 
o f  h i g h  a v a i l a b l e  thrust .  Thus the  r o l l  and yaw ang les  can 
be changed much f a s t e r  than the l a t e r a l  d e v i a t i o n ,  y .  I n  
o t h e r  words c , y  motions occur a t  lower f r equenc ie s  (or  l a r g e r  
t ime c o n s t a n t s )  than t h e  $,$ motions. The re fo re ,  we can 
approximately decouple the l a t e r a l  equa t ions  i n t o  two systems. 

(6.1.6) 

and, 
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( 6 . 1 . 7 )  

I n  ( 6 . 1 . 7 )  we may t r e a t  J ,  and $ a s  c o n t r o l  v a r i a b l e s .  

The l a t e r a l  wind v e l o c i t y  can be a p p r o x i m a t e d  by a f i r s t  
o r d e r  sys t em e x c i t e d  by a w h i t e  n o i s e ,  i . e .  , 

- 
T i  + w  = q n ( t )  = 0 and q ( t ) q ( T )  = Q G ( t - T )  

( 6 . 1 . 8 )  
Y Y  

6 . 2  Outer L o o p  C o n t r o l  Gains  

f i n e d  by e q u a t i o n s  ( 6 . 1 . 7 )  and ( 6 . 1 . 8 )  i n  which a l i n e a r  
combina t ion  of J ,  and 4 ,  $ + ( C 1 + C ; ) / C 2  J I ,  i s  t h e  c o n t r o l  v a r i -  
a b l e .  For a u t o m a t i c  t a k e - o f f s  and l a n d i n g s ,  i t  i s  n e c e s s a r y  
t o  c o n t r o l  t h e  l a t e r a l  p o s i t i o n .  W r i t i n g  t h e s e  e q u a t i o n s  
i n  t e rms  o f  t h e  l a t e r a l  p o s i t i o n  away from t h e  nominal 
f l i g h t  p a t h .  

The o u t e r  l o o p  of  t h e  l a t e r a l  g u i d a n c e  scheme i s  de-  

.. 
y+Cljl = V ( C 1 + C i ) + + V C 2 + + C  w ( 6 . 2 . 1 )  

1 Y  

T l j  + w  = q 
Y Y  

L e t  us choose  

( 6 . 2 . 2 )  

Then we have 

.. 
y+Cljl = VC2(-kly-k29-k w ) + C  w ( 6 . 2 . 3 )  3 Y  1 Y  

The f i r s t  o f  e q u a t i o n s  ( 6 . 2 . 3 )  i s  a s econd  o r d e r  sys t em 
A good c h o i c e  f o r  c o n t r o l  g a i n  k 3  i s  o b t a i n e d  Y '  

f o r c e d  by w 
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b y  p u t t i n g  t h e  c o e f f i c i e n t  o f  w i n  t h i s  e q u a t i o n  e q u a l  t o  

z e r o ,  i . e . ,  
Y 

( 6 . 2 . 4 )  

T h e r e  a r e  s e v e r a l  m e t h o d s  f o r  c h o o s i n g  t h e  o t h e r  g a i n s .  
One m e t h o d  i s  t o  c h o o s e  t h e  g a i n s  i n  s u c h  a way t h a t  i t  b e -  

comes a c o n s t a n t  c o e f f i c i e n t  s e c o n d  o r d e r  s y s t e m .  I f  w 

a n d  5 
r e s p e c t i v e l y  , 

y 
a r e  t h e  d e s i r e d  n a t u r a l  f r e q u e n c y  a n d  d a m p i n g  r a t i o  

Y 

w 2 2 
mV 

kl = % = %  y 4  sqd 

( 6 . 2 . 5 )  

E x p r e s s i o n s  f o r  Cy a n d  C 
BLcY+ - yJ)  

i s  t h e  c o e f f i c i e n t  g o v e r n i n g  t h e  r a t e  o f  c h a n g e  o f  cy B 
s i d e  f o r c e  w i t h  s i d e s l i p .  I t  i s  g i v e n  b y  ( B L - 1 )  

( 6 . 2 . 6 )  

C i s  a l m o s t  c o n s t a n t  and i s  u s u a l l y  n e g a t i v e .  I t s  
yf3 

v a l u e  f o r  t h e  t i l t  r o t o r  a i r c r a f t  u n d e r  c o n s i d e r a t i o n  i s  n o t  
a v a i l a b l e .  A v a l u e  o f  - . 6  was e s t i m a t e d .  

If e i s  t h e  p i t c h  a n g l e  t h e  s t a b i l i t y  d e r i v a t i v e s  C 
a n d  C a r e ,  y 4  

yJ, 

c = !!EL c o s  e 
y g  'qd 

( 6 . 2 . 7 )  

= s i n  e 
s q d  
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Let  us p i c k  c o n t r o l  g a i n s  t o  o b t a i n  a n a t u r a l  f r e q u e n c y  
o f  0 .25 r a d  s e c - ' . a n d  a damping r a t i o  o f  0 .707  

a0064 rad ,,,-I 
c o s  e v =  

- , 3 5 3 5  + ( - * 6 ) x s q d  1 - 
k 2  g c o s  e mg c o s  e v 

rad sec in-l - I . I ~ I O - ~ V  
k 3  - COS e ( 6 . 2 . 8 )  

During a m a j o r  p o r t i o n  o f  t h e  t a k e - o f f  t r a j e c t o r y  t h e  
p i t c h  a n g l e  i s  20" and f o r  t h e  l a n d i n g  t r a j e c t o r y  i s  -5.7'.  
These a n g l e s  a r e  used  i n  e x p r e s s i o n s  ( 6 . 2 . 8 ) .  The con- 
t r o l l e r  g a i n s  f o r  t a k e - o f f  and  l a n d i n g  a r e  shown i n  T a b l e  
V I - 1 .  

The s m a l l  a n g l e  a p p r o x i m a t i o n  f o r  s i d e s l i p  i s  n o t  good 
a t  low s p e e d s .  This problem i s  r e d u c e d  by w r i t i n g  t h e  
e q u a t i o n s  i n  t h e  form ( 6 . 2 . 1 )  and  ( 6 . 1 . 6 )  and  r e d e f i n i n g  some 
s t a b i l i t y  d e r i v a t i v e s .  Though t h e  s i d e s l i p  a n g l e  may be  
l a r g e  a t  low s p e e d s ,  t h e  l a t e r a l  d i s p l a c e m e n t  and l a t e r a l  

v e l o c i t y  a r e  u s u a l l y  s m a l l .  However, t h e  d e c o u p l i n g  assump- 
t i o n  i s  a t  b e s t  a p p r o x i m a t e  w h e n  t h e  s p e e d  i s  v e r y  low.  

6 . 3  I n n e r  Loop C o i t r o l  G a i n s  

gove rn ing  t h e  inne r  l o o p  dynamics  f o r  t h e  l a t e r a l  mo t ion .  
Equa t ions  ( 6 . 1 . 6 )  and  ( 6 . 1 . 8 )  d e f i n e  t h e  e q u a t i o n s  
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~~ 

TAKE-OFF 

.0066 

.037 - 1.1 I O - ~ V  

1.1 x 10-4, 

~~ 

LANDING 

,0065 

.036 - 1.1 I O - ~ V  

1.1 I O - ~ V  

O u t e r  Loop C o n t r o l  G a i n s  f o r  

T a k e - o f f  a n d  L a n d i n g  
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T h e s e  d i f f e r e n t i a l  e q u a t i o n s  f o r  4 and  J I  a r e  c o u p l e d  a n d  

a r e  f o r c e d  b y  E a n d  w 
s m a l l  and t h e  c o u p l i n g  i s  a p p r o x i m a t e l y  o n e  way.  

The  c o e f f i c i e n t  C 4  i s  u s u a l l y  
Y ’  

The r e q u i r e d  v a l u e  o f  $ + ( ( C 1 + C i ) / C 2 ) +  a t  a n y  t i m e  i s  
g i v e n  by e q u a t i o n  ( 6 . 2 . 2 ) .  The c h o i c e  o f  e i t h e r  4 o r  + i s  
a r b i t r a r y  as l o n g  as t h i s  e q u a t i o n  i s  s a t i s f i e d ,  The  c o n -  

t r o l  s y s t e m  w i l l  be  d e s i g n e d  t o  m a i n t a i n  a z e r o  yaw a n g l e .  

M a k i n g  t h e  a s s u m p t i o n  o f  o n e  way c o u p l i n g  f o r  c h o o s i n g  

c o n t r o l  g a i n s ,  l e t  

N = - k 4 + - k 5 $ - k 6 ( ~ V + W  ) +  - c 4  $ ( 6 . 3 . 1  ) 
y b 2  

t h e n  

I f  we r e q u i r e  a n a t u r a l  f r e q u e n c y  W ’  a n d  d a m p i n g  r a t i o  
J, 

a good c h o i c e  f o r  t h e  g a i n s  i s ,  * 

2 
k 4  = = .:Iz 

= 1 . 5  r a d  s e c ”  a n d  6 = 0.707 
JI 

L e t  

k 4  = 2 . 2 5  I = 2.4 x l o 5  N m r a d ”  2 
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k 5  = 2.121 I,+2530 C n  V 
r 

= (2.2 x lo5 + 2.5x103C V ) N  m sec  r a d ”  
‘r 

k 6  = 337 c v N S e C  rad’’ 
33 

The second o f  e q u a t i o n s  ( 6 . 1 . 6 )  i s  o f  s e c o n d  o r d e r  i n  
4 a n d  i s  e x c i t e d  by a l inear  c o m b i n a t i o n  of  q , ,  $ a n d  ( w  + E V ) .  
We can  choose  

Y 

( 6 . 3 . 5 )  

T h e  e q u a t i o n  f o r  r o l l  a n g l e  becomes 

( 6 . 3 . 6 )  

A s  befo re ,  i f  w and 5 are the  r e q u i r e d  n a t u r a l  f r e -  + 4 
quency  a n d  damping r a t i o  r e s p e c t i v e l y ,  the g a i n s  become 

3 

w i t h  

= 1 . 5  r a d  sec” a n d  5 = 0.707 + 
t he  c o n t r o l  g a i n s  become, 

94 



aJ 
c, aJ 
r- 
n 
E 
0 u 

N 

U c 

E 0 
u 

n 

v 

II 

V 
n 

Y 



= 2.25  I, = .7x105 N rn r a d ”  k 7  

= (.67x105 + 2530 C R  V )  N rn sec  r a d ”  ( 6 . 3 . 8 )  
P 

k g  = 337 C R B N  s e c  rad”  

and C R  a r e  f u n c t i o n s  , C n B S  C t P  B S t a b i l i t y  d e r i v a t i v e s  C 
nr 

o f  f l i g h t  p a r a m e t e r s .  These d a t a  a r e  n o t  a v a i l a b l e  f o r  
Bell  Model 266 t i l t i n g  p r o p r o t o r  a i r c r a f t .  Therefore  the  
g a i n s  have n o t  been c o m p u t e d .  However, t h e  above e q u a t i o n s  
show t h e  order  o f  magn i tude  o f  t hese  g a i n s .  Once these  
s t a b i l i t y  d e r i v a t i v e s  a r e  a v a i l a b l e  t h e  g a i n s  can be computed 
a s  a f u n c t i o n  o f  t h e  i n d e p e n d e n t  v a r i a b l e ,  x .  

A b l o c k  d iagram o f  t h e  c o n t r o l  s y s t e m  f o r  l a t e r a l  con- 
t r o l  i s  shown i n  F i g u r e  6 .2 .  
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A P P E N D I X  A 
Summary of Bas ic  D a t a  f o r  B e l l  Model 266 

T i l t i n g - P r o p r o t o r  V T O L  A i r c r a f t  

Genera l  
O v e r a l l  l e n g t h  1 7 . 0  m 
O v e r a l l  wid th  ( p r o p r o t o r s  26.0 m 

D i s t a n c e  between pylon 14.3 m 
t u r n i n g )  

p i v o t  p o i n t s  
No. of e n g i n e s  2 
S h a f t  horse power ( m i n )  3435 each (59” d a y )  

3370 each (92” d a y )  

He1 i c o p t e r  Mode 
Hovering c e i l i n g ,  o u t  o f  3870 m ( s t a n d a r d  day )  

g r o u n d  e f f e c t  ( d e s i g n  TOW) 2325 (950 d a y )  
Maximum speed 

( sea  l e v e l ,  d e s i g n  T O W )  

H i g h  S p e e d  Mode 
Maximum speed 

( sea  l e v e l ,  d e s i g n  TOW) 

Maximum speed 
(3800 m ,  d e s i g n  TOW) 

Average c r u i s e  speed 
( d e s i g n  TOW) 

Range 
( d e s i g n  TOW. a n d  p a y l o a d )  

316 Km hr’l ( T w i n  e n g i n e )  
259 Km hr” ( S i n g l e  e n g i n e )  

654 Km hr” (Twin e n g i n e )  
470 Km hr” ( S i n g l e  e n g i n e )  
657 Km hr” ( T w i n  engine)  
505 km hr” ( S i n g l e  e n g i n e )  
408 Km hr’l ( S e a  l e v e l  
443 Km hr’l (3,000 m )  
500 Km hr’l (7,500 m )  
820 Km 
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Wing 
Are a 2 35 .5  m 

S p a n  1 5 . 0  m 
Aspec t  r a t i o  6 . 4 3  
A i r f o i l  s e c t i o n  r o o t  N A C A  64-223,  m o d i f i e d  

t i p  N A C A  64-219,  m o d i f i e d  
L i f t  c u r v e  s l o p e  4 .28  rad" 
Angle between w i n g  z e r o  4 .9"  

l i f t  l i n e  and f u s e l a g e  a x i s  
Angle o f  a t t a c k  a t  s t a l l  1 7 "  
A i l e r o n - f l a p s  a r e a / s i d e  3.36 m 2  

2 F l a p s  a r e a / s i d e  3 .58  m 
Wing l o a d i n g  358 Kg m - *  

Proprotors 
No. of  p r o p r o t o r s  2 
No o f  b l a d e s  per  p r o p r o t o r  3 
Radi us 5 .87  m 

Disc a r e a  p e r  p r o p r o t o r  
Blade a r e a  per proprotor  
Blade chord  , 5 8 5  m 
S o  1 i d i  t y  .095  
Disc l o a d i n g  58 .6  Kg m - 2  
P r o p r o t o r  l o c k  n u m b e r  4 .53  

108 .14  m 2  
10.275 m 2  

Fuse l  age 
Length 16.1 m 
Maximum b r e a d t h  2 .15  m 

Area ( P l a n f o r m )  36 .7  m 2  
( l e s s  wheel f a i r i n g s )  

100 



H o r i z o n t a l  T a i l  

A r e a  

Span 

A s p e c t  r a t i o  

L i f t  c u r v e  s l o p e  
A i r f o i l  s e c t i o n  

A n g l e  o f  i n c i d e n c e  

V e r t i c a l  T a i l  

A r e a  ( i n c l u d i n g  c a r r y -  

Span  

A s p e c t  r a t i o  

L i f t  c u r v e  s l o p e  

A i r f o i l  s e c t i o n  r o o t  

t h r o u g h )  

t i p  

W e i g h t s  
D e s i g n  t a k e - o f f  w e i g h t  
Pay1  o a d  
W e i g h t  o f  r o t o r s ,  p y l o n s ,  

e n g i n e s  e t c .  ( T o t a l )  

2 9 .4  m 
6 . 5 7  m 
4.61 

4 . 2 8  r a d "  

N A C A  6 4 - 0 1 2  

- 0 . 5 "  

12 .9  m 2  

5.5 m 
2 . 3 4  

2.75 r a d "  
NACA-64-015 
NACA-64-009 

12 ,700 Kg 
2,990 Kg 

3,175 Kg 
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A P P E N D I X  B 

Summary o f  t h e  L o n g i t u d i n a l  E q u a t i o n s  o f  
M o t i o n  a n d  W e i g h t i n g  M a t r i c e s  i n  t h e  Q u a d r a t i c  

Syn  t hes  i s Tec h n i  q u e  

B.l N o n l i n e a r  E q u a t i o n s  

dV m at = - D - D  - D  - D  -mg s i n  y + T c o s  4 -  H s i n  4 W T F NAC 

mV $ = +L +L +L +L -mg c o s  y + T s i n  4 +H c o s  4 W T F N A C  

1 2 +c (a'-Aa) s i n  (Aa)]x.78 + 7 p S W V  C D  (a,6f)x.22 
L W  W 

2 +c  (or'-Aa) C O S  (Aa)]x.78 + 7 p s v C L  (a7x.22 
L W  W 

a R  = u - Aa 

ha = a r c s i n [  - 2v s i n  ( 4 1 3  
V R  
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2 2  y2 = v +4v + 4 v v  c o s  
R 

= e-y+.085 

0 1 '  = a+.409 6f 

v i s  a solution of 

2 2  1/2 = T 
P " S R  

v[v + v  +2vv c o s  41 

C L ( a ' )  = 4.28 a '  

4.28 a; +[$ -. 256f+.4096f-a1 ] 
I +  - - a 1  > a [? -. 256f+.4096f-a;+l s 

4.28 sei'[+ + .256f-.4096f+~~'] 
3 L  - - a 1  < cy'- [$ +. 256f- .4096f+a;-I 5 

2 2 
C,,(al ,6f) = .025+.16f +1.035ai 

2 2 = .025+.16f +1 .035a~++.62[a1-a1+1 S 

I +  a '  > a 
S 

2 2 = .025+.16f +1.035a;-+.62(a;--a1) 
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u'+ = .317 + .2056f radians S 

u\-= -.317 + .2056f radians 

CDT(uT) = .025+1.035aT 2 

= .1285+.62( l~TI-.317) 

1uTI < .317 rad 

> .317 rad 

- 

"T 

< -.317 rad 

< .307 rad - 

> .317 rad 

U T  = e-y-.Ol 

DF = 1 2  P V  SF[.05+.25 sin 3 ( l a + ) ]  

L F  = 7 1 2  p V  SF[.25 sin 2 ( U ~ ) C O S  (aF) sgn(aF)] 

U F  = e-y 

Nacelle lift a n d  drag are neglected. 
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Thrust i s  d e t e r m i n e d  a s  a f u n c t i o n  of  t h e  component of 

In t h e  computer p rogram l i n e a r  i n t e r p o l a t i o n  i s  
t h e  f r e e  stream a i r  speed  p e r p e n d i c u l a r  t o  r o t o r  t i p  p a t h  
p l a n e .  
c a r r i e d  o u t  between p o i n t s  spaced  1 5  m sec”  a p a r t  

Normal Vel o c i  t y  

o m s e c - l  
15  
30 
45 
60 
7 5  
90 

105 
120 
1 3 5  

Max. A v a i l a b l e  Thrust 

2 1 1  , 000  N 
153,500 
118 ,500  

9 2  , 500 
71,800 
57 ,000  
47,500 
40 ,750  
36,250 
33,000 

T a b l e  B-1 Thrust a s  a F u n c t i o n  o f  Free Stream 
Air S p e e d .  

The l o n g i t u d i n a l  i n p l a n e  rotor f o r c e  i s  sma l l  under 
most f l y i n g  c o n d i t i o n s  a n d  i s  n e g l e c t e d .  

m mass of a i r c r a f t  = 12 ,700  Kg 
mg w e i g h t  of  a i r c r a f t  = 123,300 N 

2 w i n g  a r e a  = 35.5  m 
t a i l  a r e a  = 16 .25  m s W  2 

ST 
f u s e l a g e  p l an fo rm = 3 6 , 7  2 

’F a r e a  
2 d i s c  a r e a  o f  r o to r s  

’R ( t o t a l )  = 216 .3  m 
P d e n s i t y  of  a i r  

( a t  SL = 1 . 2 6 7  k g  m - 3  
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B . 2  Linearized Equations 

nominal p a t h  by numerical d i f f e r e n t i a t i o n .  They are 
The nonl inear  equat ions  are l i n e a r i z e d  a b o u t  the  

F =  

d Z  = F(x)Z + G(x)U a Y  

r 

- a f l  

- a f 2  

av 

a V  

0 

0 
L 

where 

0 

0 

f o r  t a k e - o f f  

7 

2 s e c  y 

0 

- -1 0 0 



and f o r  l a n d i n g  

- 
afl - 
aT 

- a f 2  
aT 

0 

0 
J 

9 G(x)  = u = [;;j 
r 

afl 
an 

a f 2  
an 

- 

- 

0 

0 

and  

dV 
dx - = fl 

B.3 W e i g h t i n g  M a t r i c e s  

u s e d  i n  t h e  q u a d r a t i c  s y n t h e s i s  t e c h n i q u e .  
The f o l l o w i n g  a r e  t h e  v a l u e s  o f  t h e  w e i g h t i n g  m a t r i c e s  

F o r  t a k e - o f f  

A =  

. 0 0 0 2 1  

0 

0 1 0 

0 

. 0 4  

0 

0 

0 

0 

. 0 0 0 4 4  C O S  y 

0 

2 ! 
0 

. 3  V > 2 4 . 5  m s e c ”  ] 
0 

1 0 7  

V - < 2 4 . 5  m s e c ”  

B -1  = 



[' . 0 6 9  1 .2  . 0 2  - . 0 0 2 6  1 

s =  
Xf  

1 1 . 2  170 2 .9  1 . 1  i 

-. 0 0 3 6  

- 
. 0 2  s f  - 2.9  .063  . 0 1 3  

I-. 0 0 2 6  1.1 . 0 1 3  . 0 4 8  J 

For 1 a n d i  n g  : 

0 

0 0 . 0 0 0 4 4  c o s 2 y  0 

0 0 0 

. 0 0 1 1  0 0 

0 

a n d  

r .36 

I .065  

I-. 04 

.065 -. 0 0 3 6  - .04  

-. 0 5 7  

240  

.032 . 0 0 4 4  

.0044 . 0072  

-. 06 -. 0 5 7  

1 0 8  


